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Abstract
In typical cellular communications, User Equipments (UEs) have always had to
go through a Base Station (BS) to communicate with each other, e.g., a UE transmits
a packet to a BS via uplink and then the BS transmits the packet to another UE via
downlink. Although the communication method can serve UEs efficiently, the com-
munication method can cause latency problems and overload problems in BS. Thus,
sidelink has been proposed to overcome these problems in 3GPP release 12. Through
sidelink, UEs can communicate directly with each other.
There are two representative communications using sidelink, i.e., Device-to-Device
(D2D) communication and Vehicle-to-Vehicle (V2V) communication. In this disserta-
tion, we consider three strategies to enhance the performances of D2D and V2V com-
munications: (i) efficient feedback mechanism for D2D communications, (ii) context-
aware congestion control scheme for V2V communication, and (iii) In-Device Coex-
istence (IDC)-aware LTE and NR sidelink resource allocation scheme.
Firstly, in the related standard, there is no feedback mechanism for D2D commu-
nication because D2D communications only support broadcast-type communications.
A feedback mechanism is presented for D2D communications. Through our proposed
mechanism, UEs can use the feedback mechanism without the help of BS and UEs
do not need additional signals to allocate feedback resources. We also propose a rate
adaptation algorithm, which consider in-band emission problem, on top of the pro-
posed feedback mechanism. We find that our rate adaptation achieves higher and stable
throughput compared with the legacy scheme that complies to the standard.
Secondly, we propose a context-aware congestion control scheme for LTE-V2V
communication. Through LTE-V2V communication, UEs transmit Cooperative Aware-
ness Message (CAM), which is a periodic message, and Decentralized Environmental
Notification Message (DENM), which is a event-driven message and allows one-hop
i
relay. The above two messages have different characteristics and generation rule. Thus,
it is difficult and inefficient to apply the same congestion control scheme to two mes-
sages. We propose a congestion control schemes for each message. Through the pro-
posed congestion control schemes, UEs decide whether to transmit according to their
situation. Through simulation results, we show that our proposed schemes outperform
comparison schemes as well as the legacy scheme.
Finally, we propose a NR sidelink resource allocation scheme based on multi-
agent reinforcement learning, which awares a IDC problem between LTE and NR in
Intelligent Transport System (ITS) band. First, we model a realistic IDC interference
based on spectrum emission mask specified at the standard. Then, we formulate the
resource allocation as a multi-agent reinforcement learning with fingerprint method.
Each UE achieves its local observation and rewards, and learns its policy to increase its
rewards through updating Q-network. Through simulation results, we observe that the
proposed resource allocation scheme further improves Packet Delivery Ratio (PDR)
performances compared to the legacy scheme.
keywords: LTE, NR, device-to-device communications, vehicle-to-vehicle com-
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In typical cellular communications, User Equipments (UEs) have always had to go
through a Base Station (BS) to communicate with each other, e.g., a UE transmits
a packet to a BS via uplink and then the BS transmits the packet to another UE via
downlink. Although the communication method can serve UEs efficiently, the com-
munication method can cause latency problems and overload problems in BS. Thus,
sidelink has been proposed to overcome these problems in 3GPP release 12. Through
sidelink, UEs can communicate directly with each other.
There are two representative communications using sidelink, i.e., Device-to-Device
(D2D) communication and Vehicle-to-Vehicle (V2V) communication. In this thesis,
we focus on enhancements of sidelink performances. In case of D2D communication,
there is no feedback mechanism for D2D communication because D2D communica-
tion only support broadcast-type communications. Therefore, in D2D scenario, trans-
mitters (TXs) transmit their packets inefficiently. We propose a feedback mechanism
to transmit feedback so that the TXs can effectively transmit packets.
In case of V2V communications, we focus on two problems. The first problem is a
radio resource congestion problem. There are two reasons why the congestion problem
1
occurs frequently. Firstly, there is a scarcity of wireless bandwidth in LTE-V2V. Intel-
ligent Transport System (ITS) band, which is a 5.9 GHz band, is dedicated to vehicular
communications. Most countries consider allocating two channels for LTE-V2V. Con-
sidering not only V2V but also Vehicle-to-Infrastructure (V2I) operations over the two
allocated channels, the bandwidth is not enough. Secondly, different from Cooperative
Awarness Message (CAM) traffic, which does not take into account relay operation,
Decentralized Environmental Notification Message (DENM) traffic allows one-hop
relay. Therefore, the radio resource congestion problem can be more severe due to
DENM relaying at receivers. In addition, multiple source UEs can be generated for a
single event, i.e., it is possible that multiple source UEs generate redundant DENMs
and cause congestion problems.
The second problem is a In-Device Coexistence (IDC) problem between LTE and
NR sidelinks. The current smartphones are equipped with two or more RF modules.
When these RF modules operate simultaneously at adjacent channels, they interfere
with each other by Out-of Band (OOB) emission. This problem is called an IDC prob-
lem. Since NR does not support backward compatibility with LTE, LTE and NR in-
stalled as independent RF modules in a device. In the related standard, NR sidelink
can also operate at ITS band. As a result, IDC problem between LTE and NR can also
occur.
1.2 Overview of Existing Approaches
1.2.1 Efficient feedback mechanism for LTE-D2D communication
There are many studies [1–9], which support feedback mechanism as part of D2D
communications. However, in most studies [1–7], the authors assume the situation
where BS receives feedback from D2D UEs while we support a feedback mechanism
between D2D Tx and D2D Rxs. Moreover, in most studies [1–8], it is assumed that
cellular and D2D UEs share the same resource pool for data transmission and unicast
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scenarios are considered. In contrast, in our work, D2D UEs do not share the resource
pool with cellular UEs as defined in 3GPP LTE-based D2D communication and we
also consider groupcast scenarios. Zhou et al. [9] consider groupcast, but they assume
that D2D Txs perfectly acquire data receiving result of all D2D Rxs belonging to
the same group. However, they do not provide any clear methodology of a feedback
mechanism, thus making the work impractical.
1.2.2 CoCo: Context aware congestion control scheme for C-V2X com-
munications
There are several related studies. To the best of our knowledge, there are very few con-
gestion control schemes for C-V2V. However, there are related studies for Dedicated
Short Range Communication (DSRC) which is IEEE 802.11p based vehicular com-
munication. Therefore, we conducted more research on DSRC studies to learn trends
in congestion control schemes and to find appropriate comparison schemes.
As far as we have surveyed, relevant studies mainly depend on channel load mea-
surements or Channel Busy Ratio (CBR) [10–20]. They adjust transmission parameters
such as transmission interval, transmission power, and data rate, based on channel load
measurements (or CBR). For example, if the channel load is greater than a pre-defined
threshold, the UE increases its transmission interval to reduce the channel load.
However, since channel load measurements fluctuate very much, channel load
measurement based solutions are not reliable. In vehicular communication environ-
ments, channel load fluctuations become greater with higher mobility. To show how
the channel measurement is affected by high mobility, we measure real Received Sig-
nal Strength (RSS) samples by comparing the cases with and without mobility. We
present the details about the result of the channel measurement in Section 3.2.1.
There are other studies [21–23], which use context information such as UE’s lo-
cation and speed. The study in [21] is application-limited, i.e., lane change. In this
study, when the UE attempts to change a lane, it reduces transmission power since it
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should only communicate with the UEs closest to the UE behind. This study does not
apply to controlling the transmission parameters of CAM or DENM, which must be
shared with all neighboring UEs. The authors in [22,23] use context for mitigating the
congestion problem.
1.2.3 IDC-aware resource allocation based on multi-agents reinforcement
learning
Since NR standalone V2V has not been completed, there are no studies dealing with
IDC problem between NR and LTE sidelinks. However, there are some studies con-
sidering IDC problem between LTE and WLAN [24–26]. There is also a study consid-
ering IDC problem between LTE and GNSS [27]. However, All of the above authors
consider the resource allocation method of the base station.
We also surveyed multi-agent reinforcement learning-based resource allocation for
V2V communication. There are several studies [28–30]. In [28, 29], the authors con-
sider that UEs select resources via multi-agent reinforcement learning. However, they
do not consider IDC problem, i.e, they only take into account the interference gener-
ated by the same resource selection.
1.3 Main Contributions
1.3.1 Efficient feedback mechanism for LTE-D2D communication
We propose a feedback mechanism for D2D communication to complement the ab-
sence of feedback mechanism. We also propose a groupcast rate adaptation algorithm,
which is FaRRA, considering in-band emission problem.
Two key contributions of this chapter can be summarized as follows.
• This is the first time a feedback mechanism for LTE-based D2D Tx and Rxs has
been proposed, to our best knowledge.
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• The proposed feedback mechanism does not require additional signaling for feed-
back scheduling and allows multiple D2D Rxs to use the same radio resource to
improve spectral efficiency.
• We also propose a feedback-based rate adaptation and retransmission schemes for
D2D groupcast communication and verify that the proposed solutions achieve solid
performance, e.g., goodput, in various channel environments.
With these contributions, receivers (RXs) can use feedback for the enhancements
of their performances by using small resources
1.3.2 CoCo: Context aware congestion control scheme for C-V2X com-
munications
We propose a context aware congestion control scheme for C-V2X communication,
called CoCo. CoCo consists of two algorithms for each safety message, e.g., CAM
and DENM.
Contributions of CoCo are summarized as follows:
• Considering the characteristics of two safety messages, we propose a distributed
congestion control scheme, called CoCo, that consists of two algorithm for each
safety message and minimizes the performance degradation of CAM and DENM
traffic when congestion problems occur in C-V2X communications.
• The proposed scheme is a very feasible solution to mitigate congestion problems
because it does not require hardware modification or any signal exchange. More
importantly, it is standard compliant.
• We evaluate performance of the proposed scheme via simulation which reflects re-
alistic vehicle mobility and road situations based on Simulation of Urban MObility
(SUMO) [31].
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With these contributions, UEs reduce their congestion problem by adjusting their trans-
mission according to their situations.
1.3.3 IDC-aware resource allocation based on multi-agents reinforcement
learning
We provide a IDC-aware resource allocation based on multi-agents reinforcement
learning that aims to select a clean radio resource while mitigating damages by IDC
problem. We claim the following major contributions:
• We model a realistic IDC interference between LTE and NR at ITS band.
• We formulate a IDC-aware resource allocation as a multi-agent reinforcement learn-
ing that each UE collects local observations and selects an action and then achieves
a reward.
• We confirm that the multi-agents successfully learn their policies and achieves
higher Packet Delivery Ratio (PDR) performances compared to the legacy scheme.
1.4 Organization of the Dissertation
The rest of the dissertation is organized as follows.
Chapter 2 presents a feedback mechanism for D2D communication and groupcast
rate adaptation. Philosophies for desiging the feedback mechanism are introduced and
a detail procedure of the groupcast rate adaptation algorithm is provided. The per-
formances of the proposed groupcast rate adaptation algorithm are validated through
extensive simulation evaluations.
In Chapter 3, we present CoCo, context-aware congestion control scheme for LTE-
V2V communications. First, we provide the reasons why the congestion problem can
occur frequently. Next, we present the congestion control scheme for CAM, which
adjusts the transmission interval of CAM according to the status change rate of UE.
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Then, we also present the congestion control scheme for DENM, which determine
whether to transmit or not depending on UE’s status. The performance of CoCo is
evaluated in various scenarios with comparison schemes.
Chapter 4 presents IDC-aware resource allocation based on multi-agents reinforce-
ment learning. We first present a realistic modeling of IDC interference between LTE
and NR based on spectrum emission mask specified at the standard. Then, we ex-
plain how to formulate a IDC-aware resource allocation as a multi-agent reinforce-
ment learning that each UE collects local observations and selects an action and then
achieves a reward. We evaluate the performance of the proposed resource allocation
scheme compared to the legacy scheme.
Finally, Chapter 5 concludes the dissertation with the summary of contributions
and discussion on the future work.
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Chapter 2
Efficient feedback mechanism for LTE-D2D communi-
cation
2.1 Introduction
Along with the widespread use of smartphones and the development of wireless com-
munication technologies, the amount of data traffic has soared dramatically. Cisco ex-
pects that global mobile data traffic will increase almost eightfold between 2015 and
2020 [32]. In order to support such increased traffic, Long Term Evolution (LTE)-based
Device-to-Device (D2D) communication has been considered a key traffic offloading
technology. Since User Equipments (UEs) communicate with other UEs directly, the
spectral efficiency can be significantly enhanced.
In this paper, we consider D2D communication protocol recently developed in
3GPP [33].1 In 3GPP D2D, only groupcast (or multicast)-based communication is sup-
ported, where D2D Transmitter (Tx) groupcasts data traffic to multiple D2D Receivers
(Rxs) (belonging to the same group). However, feedback mechanism between D2D Tx
and D2D Rxs is not defined. In fact, it is difficult to define a feedback mechanism with-
out incurring high signaling overhead because multiple channels exist between D2D
1We refer to LTE-based D2D communication as D2D communication for convenience for the rest of
the paper.
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Tx and D2D Rxs. Due to the lack of feedback mechanism, D2D Tx cannot acquire the
channel quality information, thus making it difficult to use radio resources efficiently.
We first propose feedback channel to support feedback mechanism between D2D
Tx and D2D Rxs. In order for D2D Rxs to transmit feedback to D2D Tx, they need
resources that are normally assigned and announced by Base Station (BS) or D2D
Tx. The incurring signaling overhead should be proportional to the number of Rxs.
In our feedback mechanism, the feedback resource location is implicitly determined
by the resource location of the control signal from D2D Tx, which is used for the an-
nouncement of the Tx’s data transmission. By doing so, we completely remove the
signaling overhead for feedback resource assignment. The proposed feedback channel
also allows multiple D2D Rxs to transmit feedback in one Resource Block (RB)2 us-
ing different cyclic shifted versions of a sequsence, which have good auto-correlation
property. Therefore, the proposed feedback channel can use radio resources efficiently.
On top of the proposed feedback mechanism, we propose a rate adaptation algo-
rithm for D2D communication. As mentioned above, D2D communication supports
only groupcast. Considering the existence of multiple D2D Rxs, the proposed rate
adaptation algorithm aims to adjust Modulation and Coding Scheme (MCS) level ac-
cording to the performance of the D2D Rx with the worst channel quality. The pro-
posed rate adaptation algorithm is also designed in consideration of possible problems
that can occur in D2D communication, e.g., in-band emission. We also propose a re-
transmission scheme on the proposed feedback mechanism to support an application,
which need retransmission, such as file download.
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Figure 2.1: An illustration of physical resource pool for LTE-based D2D communica-
tions.
2.2 Background
2.2.1 Background for D2D
3GPP defines the basic framework for D2D communication as follows [33]. First,
D2D uses dedicated physical resources, separate from cellular uplink resources. Sec-
ond, D2D supports only groupcast without feedback mechanism. To compensate for
the absence of feedback mechanism, blind retransmission is adopted, i.e., Tx trans-
mits packets repeatedly regardless of whether Rx receives the packets or not. 3GPP
also defines physical channels for D2D. In Fig. 2.1, Physical Uplink Shared CHan-
nel (PUSCH) for uplink data transmission is located in the middle of the frequency
band and Physical Uplink Control CHannel (PUCCH) for control packet transmission
is located at both ends of PUSCH.
Physical Sidelink Control CHannel (PSCCH) is additionally defined for Schedul-
ing Assignment (SA) transmission in D2D communication. SA is control information
periodically transmitted before data transmission and contains information including
group ID, MCS level, and resource location for data transmission. Physical Sidelink
Shared CHannel (PSSCH) is also additionally defined for data transmission in D2D
2One RB consists of 84 resource elements, composed of 12 subcarriers and seven symbols.
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communication. In Fig. 2.1, PSCCH and PSSCH are located at both ends of PUCCH.
PSCCH and PSSCH regions are repeated periodically, where the length of the period
is out of 40, 80, 160, and 320 ms.
3GPP D2D supports two resource access modes. In mode 1, BS allocates re-
sources, e.g., PSCCH and PSSCH, to D2D Txs requesting resource allocations. There-
fore, in mode 1, there is no resource collision among D2D Txs. However, in mode 2,
since D2D Txs randomly select resources within a predefined resource pool, there
could be a resource collision among D2D Txs. SA transmitted via PSCCH contains
essential information for data transmission and reception as stated above. Therefore,
if D2D Rx does not receive SA due to resource collision, the D2D Rx can not receive
data from D2D Tx in that period. In this paper, we consider that resource allocations
for SA always follow mode 1, but, resource allocations for D2D data can follow both
modes 1 and 2. where all D2D UEs do not suffer from resource collision.
2.2.2 UE Behaviors in D2D
D2D UE behaves as follows. First, BS allocates resources, e.g., PSCCH and PSSCH, to
D2D Tx. Through the allocated resources, the D2D Tx transmits both SA and data two
and four times, respectively, due to the blind retransmission. Since D2D Rx does not
know what resources the D2D Tx uses, the D2D Rx blindly decodes PSCCH resource
pool and checks if the group ID of the decoded SA matches its own ID. If they match,
the D2D Rx decodes data based on the decoded SA. Otherwise, the D2D Rx waits
until the next PSCCH resource pool.
Using Fig. 2.2, we explain D2D UE behaviors in D2D communication. There are
two groups, i.e., groups A and B. Firstly, BS allocates resources, e.g., PSCCH and
PSSCH, to D2D Tx in group A. Fig. 2.2a shows that the D2D Tx transmits SA two
times via assigned resources, and D2D Rxs blindly decode PSCCH resource pool and
check the ID of the decoded SA. D2D Rxs in group A find the matching ID, while
D2D Rx in group B does not. Therefore, Fig. 2.2b shows that D2D Rxs in group A
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decode data and D2D Rx in group B waits for the next PSCCH resource pool.
2.2.3 Time Repetition Pattern for Transmission
As mentioned above, SA contains resource location for data transmission, i.e., loca-
tions of frequency resource and time resource. location of Frequency resources is ex-
plicitly recorded in SA, but, location of time resources is implicitly recorded in SA by
Time Repetition Pattern for Transmission (T-RPT). T-RPT is a pattern that informs the
transmission time in time resources and it is expressed by 8 bit bitmap for indicating
time resources.
In T-RPT, one bit indicates whether to transmit or not in one subframe (1 ms).
So, one T-RPT indicates the subframe to transmit during 8 ms and T-RPT repeats un-
til PSSCH resource pool is finished. Therefore, through T-RPT, Tx and Rx can know
location of time resources. For example, we assume that the length of the period is
80 ms, i.e., the amount of times for PSCCH and PSSCH are 4 ms and 76 ms, respec-
tively. Fig. 2.3 shows an example of T-RPT. Allocated T-RPT is 1 1 0 0 0 1 1 0 and the
T-RPT repeats nine times completely until PSSCH resource pool is finished. After the
nine repetitions, 4 ms remains. In that case, T-RPT is truncated by 4 ms, i.e., truncated
T-RPT is 1 1 0 0, and then indicates subframes for 4 ms. Therefore, there are 38 trans-
mission times and nine Transport Blocks (TB) are transmitted four times. The last TB
is transmitted two times due to truncated T-RPT.
2.2.4 Related work
The authors of [9] propose a rate adaptation scheme for D2D communication in group-
cast scenarios. However, as mentioned above, satisfying the assumption should be dif-
ficult. Actually, very few studies have proposed rate adaptations for D2D communi-
cation. However, in other research areas, there are many papers for rate adaptation in
multicast scenarios. (See the survey in [34], for example.)
In cellular networks, Araniti et al. [35] propose a subgrouping technique for mul-
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(a) SA transmission and reception.
(b) Data transmission and reception.
Figure 2.2: Behaviors of UEs in D2D communication: (a) SA transmission and recep-







































1 1 0 0 0 1 1 0T-RPT: 1 1 0 0 0 1 1 0
One Subframe (1 ms)
Figure 2.3: An example of time repetition pattern for transmission.
ticast rate adaptation in LTE. The subgrouping technique is to group multicast Rxs
into subgroups of Rxs experiencing similar channel quality for efficient data transmis-
sions. In the downlink of cellular communications, BS is the only Tx. Therefore, the
subgrouping based on channel quality between the fixed Tx, i.e., BS, and Rxs does
not incur a large overhead. However, in D2D communication, Tx is not fixed, but can
change at any time. Therefore, the subgrouping technique can cause a large overhead
in D2D communication since subgrouping is required every time Tx changes.
Gupta et al. [36] introduce multicast rate adaption schemes in Wireless Local Area
Network (WLAN). The simplest multicast rate adaptation scheme introduced in the
paper requires all Rxs to transmit feedback. This approach is simple, but it is ineffi-
cient because all Rxs should send feedback. Leader-based scheme and cluster-based
scheme are introduced in [36] as techniques for solving such inefficiency. In leader-
based scheme, a leader is elected, i.e., the Rx with the worst channel quality among
all Rxs becomes the leader, and the leader sends feedback to the Access Point (AP) on
behalf of the group. In cluster-based scheme, clusters are created based on location,
and the Rx with the worst channel quality in a cluster becomes the head of the cluster.
The head transmits feedback to the AP on behalf of its cluster.
In WLAN, since the entity receiving feedback is fixed as AP, leader election and
clustering do not incur large overhead. However, in D2D communication, as mentioned
above, since the entity receiving feedback can be changed at any time, both cluster-
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based scheme and leader-based scheme can cause significant overhead.
There are studies [37–40], which consider retransmission of D2D communica-
tions. However, in the studies [37, 38], the authors assume the situation where D2D
UEs retransmit packets for cellular downlink traffic. On the other hand, we consider
retransmission for D2D data traffic ,which is generaged by D2D UEs. In the stud-
ies [39, 40], the authors consider retransmission via relay node. Khoueiry et al. [39]
propose a network coding strategy to enhance multicast performance. However, the
author of [39] consider that topology is fixed and relay node is also fixed. As men-
tioned above, in D2D communications, Tx is not fixed, but can change at any time.
Therefore, fixed relay node is impractical since the quality of radio channel changes
each time Tx changes.
Zhou et al. [40] also propose D2D relay algorithm. the author assumes that BS
multicasts data ,then D2D UEs, which received the data, retransmit the data. The
proposed algorithm requires resource allocations for the potential relay nodes. There-
fore, the solution might be not scalable if there are many UEs. There are many stud-
ies [41–47] for retransmission in other communication systems, e.g., cellular networks
and WLAN.
In most studies [41–47] for retransmission via network coding. The authors as-
sume that the links, i.e., radio resources, between Tx and all Rxs are already setup.
Therefore Rx transmits feedback for retransmission request via allocated link and then
Tx efficiently retransmits encoded packets based on feedback. However, the assump-
tion that radio resources for feedback are already setup should be difficult because
resource allocations for D2D Rxs are not scalable if there are many D2D Rxs.
2.3 System model
In this section, we explain the target system model assuming that D2D UEs commu-
nicate with each other. We consider multicell scenarios with seven cells, where there
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Figure 2.4: Spectral mask of in-band emission.
are N D2D groups for each cell. Each D2D group consists of M D2D UEs, and D2D
Txs groupcast data to their group members. In 3GPP standard [33], the groups, per-
forming D2D communication, are formed in advance and the information of group
formations is initially known through a D2D service authorization, which is manda-
tory to use D2D services. Accordingly, we assume that D2D UEs know the own group
information since the D2D UEs perform the D2D service authorization.
We assume that D2D Txs in the same group do not transmit SA using the same
time resource, i.e., the same subframe, in order to receive all SAs sent from the same
group. Since we consider mode 1 D2D, in which BS allocates resources to D2D Txs,
the assumption is feasible. Resource pools, e.g., PSCCH and PSSCH, are periodically
repeated, and we assume that the period is 80 ms, one of the options in the 3GPP
standard.
We also consider in-band emission, which is unwanted power leakage from the
allocated bandwidth for transmission to the unallocated bandwidth within the total
bandwidth used by the network operator. Fig. 2.4 shows spectral mask of in-band
emission caused by transmission via one RB, i.e., bandwidth of 180 kHz, according to
Clause A.2.1.5 of [48]. As shown Fig. 2.4, at the±180 kHz from the center frequency,
(fc), transmission power is attenuated by 21 dB, i.e., the RBs closest to the allocated
RB experience 21 dB attenuated power leakage at the transmission power. The far-
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Figure 2.5: An example of the proposed feedback mechanism for D2D communication.
ther away from the center frequency, the less the unwanted power leakage. Thus, RBs
adjacent to the assigned RB are more susceptible to in-band emission.
In the uplink of cellular communication, BS is the only Rx. Since BS can adjust
transmission power of a UE based on the channel quality between BS and the UE,
received power levels at BS can be similar. Therefore, in-band emission problem is not
severe in cellular communication because the ratio of the attenuated power incurred by
in-band emission to the power of the target signal can be relatively small. However, in
D2D communication, unlike the uplink of cellular communication, there are multiple
D2D Rxs. Since it is difficult to control transmission power based on any one D2D Rx,
D2D Tx transmits signal with maximum power. As a result, the ratio of the attenuated
power incurred by in-band emission to the power of the target signal can be large
enough to affect D2D communication. We use a realistic system model to evaluate the
impact of in-band emission in D2D communication.
2.4 Feedback Mechanism
We consider two philosophies for designing a feedback mechanism for D2D. First, we
try to allocate as few resources as possible to the feedback channel in order to minimize
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the waste of resources used for the feedback channel. Second, D2D Rx should be
able to use the proposed feedback mechanism regardless of its connection with BS. In
general, D2D Rxs do not need to be connected to BS because they can directly receive
data from D2D Txs. Therefore, feedback mechanisms that can be used only through
BS are not desirable.
We propose that D2D Rxs transmit feedback using the RBs at the same positions
as SAs transmitted by the D2D Tx belonging to the same group. Fig. 2.5 shows an
example of our proposed feedback mechanism. As shown in the figure, D2D Tx trans-
mits SA containing the information for data reception twice via PSCCH, and D2D
Rxs, belonging to the same group, blindly decode PSCCH resource pool and receive
two SAs transmitted by the D2D Tx. Since the position of feedback resource is the
same as the position of the SA transmitted in the same group, the D2D Rxs transmit
the feedback at the received SA resource locations without additional signaling, i.e.,
without additional signaling, two RBs are assigned to D2D Rxs and D2D Rxs transmit
the feedback.
In order to allow multiple D2D Rxs to use the limited feedback resources, i.e., two
RBs, we use cyclic shifted versions of a sequence with good auto-correlation property.
When such a sequence is cyclic shifted, the shifted sequence and the original sequence
are nearly orthogonal. By using the property, up to 12 D2D Rxs can use one RB si-
multaneously.3 Therefore, when D2D Rxs transmit feedback only once, 24 D2D Rxs
can transmit feedback using two RBs. In this paper, we use Zadoff-Chu sequences,
which are known to have ideal auto-correlation property, with length 12. Since 3GPP
considers the number of group members to be around 10 in general scenarios [48], the
proposed feedback channel should be able to support all the group members.
There are two issues, which we have to address. The first issue is near-far prob-
lem since the proposed feedback channel allows multiple D2D Rxs to use the same
resources at the same time. We briefly explain near-far problem through an example.
3Since one RB spans 12 subcarriers, a sequence of length 12 is used for one RB.
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Near D2D UE and far D2D UE transmit feedback to a D2D Tx via the same feed-
back resource. Then the D2D Tx receives feedback and conducts AGC. In AGC, both
feedback signals are multiplied by a common gain. The common gain depends on the
strong signal because the received signal must not go out of the dynamic range of the
ADC. At that time, the weak signal might become indistinguishable from quantization
noise because the weak signal becomes too small.
We apply Open Loop Power Control (OLPC) to D2D communications to mitigate
near-far problem. Through OLPC, D2D Rxs adjust transmission power based on the
strength of the received signal from D2D Tx belonging to the same group. Through
simulation results in Section 2.6, we confirm the effect of near-far problem on the
proposed feedback channel and how the effect of near-far problem on the proposed
feedback channel changes when OLPC is applied.
As mentioned in Section 2.3, the in-band emission is the second issue. Since the
proposed feedback channel allows multiple D2D Rxs to use one RB, the in-band emis-
sion caused by multiple D2D Rxs can accumulate. Therefore, D2D Tx may fail to
receive feedback due to an accumulated in-band emission. On top of the proposed
feedback channel, we propose a groupcast rate adaptation algorithm, which tries to
mitigate the damage caused by the accumulated in-band emission, and a retransmiss-
sion scheme, which can utilize the proposed feedback mechanism.
The proposed feedback mechanism has several advantages. Above all, since feed-
back resources are assigned to D2D Rxs via SAs sent from the same group, D2D Rxs
can use the proposed feedback mechanism without the help of BS. Therefore, no ad-
ditional signaling is required for feedback scheduling. Second, the overhead of using
feedback resources can be reduced because multiple D2D Rxs transmit feedback using
one RB. In summary, we propose an efficient feedback mechanism that minimizes the
overhead, i.e., the amount of feedback resources, and signaling for feedback resource
scheduling.
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Table 2.1: Notations and parameters used in pseudo codes.
Symbol Definition
SAi,j SA located at ith subframe and jth RB
MCSi,j MCS level within SAi,j
IDi,j Group ID within SAi,j
IDm Group ID of the mth D2D UE
Mn MCS level used in nth period
FMn,m MCS level from the mth UE in nth feedback transmission
Ntime PSCCH The number of subframes for PSCCH
Nfreq PSCCH The number of RBs at a given subframe for PSCCH
FI Feedback sensing indicator
γdata SINR of received data
fm Maximum supportable MCS level
K The number of group members
Th BLER threshold
Frsc1st Set of feedback successfully received via 1st feedback resource
Frsc2nd Set of feedback successfully received via 2nd feedback resource
F Set,combined Frsc1st and Frsc2nd
2.5 Groupcast Rate Adaptation Algorithm
On top of the proposed feedback channel, we propose a groupcast rate adaptation
algorithm, called Fast and Robust Rate Adaptation (FaRRA) algorithm. FaRRA is an
algorithm for D2D Rxs to effectively transmit feedback while trying to reduce in-
band emission in the proposed feedback channel. In FaRRA algorithm, D2D Rxs,
which want to raise MCS level, opportunistically transmit feedback to reduce in-band
emission. However, D2D Rxs desiring to lower MCS level transmit feedback twice so
that D2D Tx can receive the feedback successfully. FaRRA algorithm conservatively
operates by giving the priority to feedback requesting to lower MCS level in order to
satisfy all group members, and tries to increase the spectral efficiency, e.g., bits/Hz, by
making D2D Rxs opportunistically transmit feedback requesting to raise MCS level.
Table 2.1 lists notations and parameters used in the pseudo codes for algorithms.
Algorithm 1 provides the behavior of D2D Rx with FaRRA algorithm. The D2D Rx
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Algorithm 1 Rx’s behavior of FaRRA algorithm
Set:
1: FI = 0 {feedback sensing indicator}
2: fm = 0 {supportable MCS level}
3: m {ID of D2D Rx in consideration}
During nth SA transmission: i ←
1, · · ·, Ntime PSCCH j ←
1, · · ·, Nfreq PSCCH IDm == IDi,j
4: receive SA
5: Mn ←MCSi,j
During nth data transmission: receive
SA
6: receive data
7: γ ← E[γdata] TBLER(γ, fm) ≤
Th
8: fm = fm+ 1
9: FMn,m ← fm
During nth feedback transmission:
FMn,m ≥Mn + 1
10: monitor 1st feedback resource sense
feedback of receivers
11: FI = 1 FI == 0
12: transmit feedback via 2nd resource
FMn,m < Mn + 1 && FMn,m ≥
Mn
13: transmit feedback via 1st resource
14: transmit feedback via 1st and 2nd re-
sources
sets FI and fm to 0 before the nth period begins (lines 1–2). During the nth SA
transmission (lines 4–11), the D2D Rx blindly decodes the entire PSCCH resource
pool and compares the ID of the decoded SA with its own ID. If there is an SA with
the ID matching its own ID, the D2D Rx fully receives SA and checks the information
in the SA including MCS level and resource location of data transmission. During the
nth data transmission (lines 12–19), the D2D Rx receives data via PSSCH. The D2D
Rx determines the average SINR of the received data, and finds the highest MCS level
that limits Transport Block Error Rate (TBLER), which is the ratio of the number of
erroneous transport blocks (TBs) to the total number of TBs, to the predefined thresh-
old. The D2D Rx calculates TBLER using MCS level and the average SINR of data
signal, i.e., γ, and the highest MCS level is fed back by the D2D Rx to D2D Tx.
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(a) Rx to maintain MCS.
(b) Rx to lower MCS.
(c) Rx to raise MCS.
Figure 2.6: D2D Rx behavior of FaRRA algorithm: (a) Rx to maintain MCS, (b) Rx to
lower MCS, and (c) Rx to raise MCS.
During the nth feedback transmission (lines 20–34), D2D Rx is classified into one
of three types, i.e., D2D Rx which wants to raise MCS level, that to maintain MCS
level, and that to lower MCS level. In case of D2D Rx, desiring to raise MCS level
(lines 20–27), the D2D Rx monitors whether other D2D Rxs send feedback via the
first feedback resource (in the chronological order). If feedback from another D2D
Rx is detected, FI is set to 1 and the D2D Rx does not transmit feedback in the
nth feedback transmission. Otherwise, the D2D Rx sends FMn,m to D2D Tx via the
second feedback resource. In case of D2D Rx, desiring to maintain MCS level (lines
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Algorithm 2 Tx’s behavior of FaRRA algorithm
Set:
1: Mn {MCS level used in nth period}
2: K {the number of group members}
3: Frsc1st = ∅ {received feedback set}
4: Frsc2nd = ∅ {received feedback set}
During nth feedback period via 1st resource:
receive feedback of kth Rx
5: Frsc1st 3 FMn,k
During nth feedback period via 2nd resource:
receive feedback of kth Rx
6: Frsc2nd 3 FMn,k
Rate adaptation for (n+1)th period:
Frsc1st == ∅ ‖ Frsc2nd ‖ == K
7: Mn+1 ← min(Frsc2nd)
8: Mn+1 ←Mn + 1 Frsc2nd == ∅
9: Mn+1 ←Mn
10: F ← combining Frsc1st and Frsc2nd
11: Mn+1 ← min(F )
28–30), the D2D Rx transmits FMn,m to D2D Tx via only the first feedback resource.
D2D Rx, which wants to lower MCS level, always transmits FMn,m to D2D Tx two
times by using both the first and second feedback resources.
Because D2D supports only groupcast, feedback requesting to lower MCS level
is given the highest priority while feedback requesting to raise MCS level is given
the lowest priority to support all the group members reliably. Therefore, in FaRRA
algorithm, D2D Rxs, desiring to lower MCS level, preferentially transmit their own
feedback two times via two feedback resources. Feedback requesting to raise MCS
level becomes meaningless if D2D Tx receives feedback requesting to lower or main-
tain MCS level. In this case, if feedback requesting to raise MCS level is transmitted,
it just worsens in-band emission problem. Accordingly, D2D Rxs, which want to raise
MCS level, transmit their feedback via the second feedback resource only when the
feedback is meaningful.
Fig. 2.6 shows an example for feedback transmission of D2D Rx. Firstly, feed-
back resources, i.e., two RBs, are assigned to D2D Rx by SA sent from D2D Tx.
Fig. 2.6a shows feedback transmission of D2D Rx, desiring to maintain MCS level in
FaRRA algorithm. Since feedback requesting to maintain MCS level can be expressed
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in a single bit, there is less need to increase SINR of the feedback for successfully
decoding the feedback. Therefore, the D2D Rx transmits feedback via only the first
feedback resource. It also helps relieve in-band emission problem by decreasing the
number of feedback transmissions. As shown in Fig. 2.6b, D2D Rx, desiring to lower
MCS level, transmits feedback twice using two feedback resources to increase SINR
of the feedback because the improved SINR of the feedback increases the probability
of successfully feedback decoding by D2D Tx.
The behavior of D2D Rx, desiring to raise MCS level, is shown in Fig. 2.6c. First,
the D2D Rx monitors the first feedback resource to check the transmission of feedback
requesting to lower or maintain MCS level. If the D2D Rx senses such feedback, the
D2D Rx abandons transmission of its feedback requesting to raise MCS level in order
to avoid unnecessary in-band emission due to the second feedback resource. Other-
wise, the D2D Rx transmits feedback requesting to raise MCS level via the second
feedback resource.
Algorithm 2 provides a description of the D2D Tx behavior in FaRRA algorithm.
D2D Tx determines Mn, checks K, and sets Frsc1st and Frsc2nd to empty sets before
the nth period begins (lines 1–4). During the nth feedback transmission via the first
feedback resource (lines 5–7), the received feedback is put into Frsc1st . On the con-
trary, the received feedback via the second feedback resource is put into Frsc2nd (lines
8–10).
During rate adaptation for the (n+ 1)th period (lines 11–24), D2D Tx first checks
Frsc1st . If Frsc1st is an empty set, the D2D Tx checks Frsc2nd . If the cardinality of
Frsc2nd is the same as the number of group members, the D2D Tx adapts the lowest
MCS level based on Frsc2nd (lines 11–13). Otherwise (lines 14–16), it means that the
D2D Tx did not receive feedback from all D2D Rxs in the group. Therefore, in this
case, the D2D Tx conservatively raises MCS level by one. If Frsc1st is not an empty set,
there exist demands for lowering or maintaining the current MCS level (lines 17–24).
When Frsc2nd is an empty set, the D2D Tx maintains the MCS level because there are
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only D2D Rxs, which want to maintain MCS level (lines 18–19). Otherwise, Frsc1st
and Frsc2nd are combined to increase the SINR of the feedback signal, and then the
D2D Tx determines the lowest MCS level based on F , obtained by combining Frsc1st
and Frsc2nd (lines 20–24).
We additionally consider two more algorithms to compare with FaRRA algorithm.
The first comparison algorithm is In-band Emission (IE) algorithm, in which all D2D
Rxs send feedback through feedback resources regardless of the purpose, i.e., lower-
ing, maintaining, or raising MCS level, and D2D Tx selects MCS level for the next
period based on the received feedback. FaRRA algorithm tries to reduce the num-
ber of D2D Rxs transmitting feedback as much as possible considering the damage
caused by in-band emission. On the other hand, the number of feedback-transmitting
Rxs remains constant with IE algorithm, i.e., all D2D Rxs always transmit feedback
during the period of feedback transmission. We compare the effectiveness of FaRRA
algorithm, which reduces the number of D2D Rxs transmitting feedback, with IE al-
gorithm.
The second comparison algorithm is Robustness Oriented (RO) algorithm, which
focuses on successful data reception of all members. RO algorithm works in the same
way as FaRRA algorithm during SA and data transmission. However, in RO algorithm,
two turns, i.e., MCS level lowering turn and MCS level raising turn, are repeated al-
tenately. In a MCS level lowering turn, only D2D Rxs, desiring to lower MCS level,
transmit feedback and D2D Tx determines MCS level based on the received feedback.
In a MCS level raising turn, both types of D2D Rxs, i.e., desiring to lower and desiring
to maintain MCS level, transmit feedback and D2D Tx decreases or maintains MCS
level if the D2D Tx receives feedback, which requests to decrease or maintain MCS
level. If D2D Tx does not receive any feedback, the D2D Tx increases MCS level by
one because all group members agree to raise MCS level.
FaRRA algorithm tries to reduce the amount of in-band emission by transmit-
ting feedback requesting to raise MCS level opportunistically. However, RO algorithm
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Table 2.2: Simulation environments.
Carrier frequency 2 GHz
System bandwidth 10 MHz (50 RBs)
Topology Uniform distribution
Channel model Fast fading + shadowing + pathloss + in-band emission [48]
The number of bits for ADC 12 bits
Transmission power 23 dBm
Noise figure 9 dB
Noise power −174 dBm/Hz
has a large advantage in reducing the amount of in-band emission because D2D Rxs,
which want to raise MCS level, do not transmit feedback at all at the cost of delayed
MCS level increase. We investigate the robustness of FaRRA algorithm over in-band
emission by comparing FaRRA algorithm with RO algorithm.
2.6 Performance Evaluation
In this section, we evaluate the impact of near-far problem over the proposed feedback
channel and the performance of FaRRA algorithm. We also evaluate the performance
of feedback-aided retransmission on top of the proposed feedback mechanism. We fol-
low the evaluation methodology in Annex A.2 of [48] for our system level simulation
using MATLAB. In this simulation, we assume that the system bandwidth is 10 MHz,
which can accommodate up to 50 RBs in frequency domain, and the period is 80 ms
consisting of 4 ms for PSCCH and feedback and 72 ms for PSSCH.
2.6.1 Simulation Environments
Table 2.2 summarizes the simulation environments, and details are described below.
Topology: We consider multicell scenarios with seven cells and the radius of each cell
is 150 m. There are three groups of UEs in each cell. A group consists of one Tx and
nine Rxs. Txs are randomly distributed in a cell. Rxs are also randomly distributed
around the Tx belonging to the same group.
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Figure 2.7: Impacts of near-far problem.
Channel model: We consider fast fading generated using ITU-R IMT UMi model [49].
We also create shadowing following a log-normal distribution with standard devi-
ation of 3 dB as specified in Clause A.2.1.2 of [48]. Pathloss is calculated using
WINNER+B1 model [50]. Finally, in-band emission is also generated according to
Clause A.2.1.5 of [48].
Near-far problem: The proposed feedback channel allows multiple Rxs to use the
same feedback resource. Therefore, when near Rxs and far Rxs (from a given Tx)
transmit feedback simultaneously, the Tx can suffer from near-far problem. All re-
ceived signals are multiplied by a common gain and enter Analog-to-Digital Conver-
tor (ADC), which uses 12 bits to quantize signals. Quantization level is determined
by the sum of power levels of received signals, and determines quantization noise.
Throughout simulations, we consider the quantization noise when calculating SINR.
2.6.2 Impact of Near-Far Problem
We first evaluate the impact of near-far problem on the proposed feedback channel.
For simplicity, we assume that there are one D2D Tx and two D2D Rxs, i.e., a near
D2D Rx and a far D2D Rx, and then the D2D Rxs transmit feedback via the same
feedback resource. We consider a performance metric, called Weakest received Signal
strength to Quantization Noise Ratio (WSQNR), which is the ratio of signal strength
of the far D2D Rx to quantization noise. Since the signal from the far D2D Rx is more
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susceptible to the quantization noise than that of the near D2D Rx, it is meaningful to
check WSQNR performance.
Fig. 2.7 shows the WSQNR performance both when OLPC is applied and when it
is not, depending on D2D communication coverage, which means the radius in which
D2D Tx can handle D2D communication. We first observe that the WSQNR perfor-
mance unacceptably degrades, e.g., even under 0 dB, as the D2D communication cov-
erage increases when OLPC is not employed. Therefore, without OLPC, it is difficult
to use the proposed feedback channel, especially, when we target large D2D commu-
nication coverage. On the other hand, when OLPC is employed, the WSQNR perfor-
mance is greatly improved. Accordingly, we conclude that OLPC should be applied to
increase D2D communication coverage.
2.6.3 Comparison of Rate Adaptation Algorithms
Now, we evaluate FaRRA algorithm in comparison with IE and RO algorithms. Fig. 2.8a
shows that each algorithm adapts MCS level every period. The blue line with diamond
markers represents the highest achievable MCS level that D2D Rx with the worst chan-
nel quality can support. Therefore, to satisfy all Rxs, MCS level should be chosen
smaller than or equal to the MCS level pointed by the diamond marker at each period.
We observe that IE algorithm does not properly adjust MCS level by choosing MCS
level higher than the highest achievable MCS level many times. It means that in-band
emission caused by feedback transmissions of all D2D Rxs has a severely negative
impact on the reception of feedback by D2D Tx.
In case of FaRRA and RO algorithms, we observe that most MCS values are less
than or equal to the highest achievable MCS level. However, in RO algorithm, since
D2D Rx does not transmit the feedback requesting to raise MCS level, it does not
use resources efficiently. On the other hand, FaRRA algorithm uses resources more
efficiently because D2D Rx opportunistically transmits feedback requesting to raise
MCS level.
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(b) Goodput performance of the worst channel Rx.
Figure 2.8: Comparison of the algorithms: (a) MCS adaptation over time and (b) good-
put performance of the worst channel Rx.
Fig. 2.8b shows the average goodput performance of the three algorithms. In case
of unicast, goodput is the throughput that Rx successfully received, i.e.,
Goodput =
# received blocks × block size
Period length
(bps).
However, we evaluate the throughput that the D2D Rx with the worst channel quality
achieves because we consider groupcast scenarios, i.e., we evaluate the goodput of
the D2D Rx, which has the worst channel quality in a group. In Fig. 2.8b, FaRRA
algorithm achieves higher goodput than the other algorithms. The red bars in Fig. 2.8b
represent standard deviations. The standard deviation of FaRRA algorithm is slightly
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Figure 2.9: Overhead caused by feedback mechanism.













TBLER threshold = 0.1
Figure 2.10: Transport block error rate.
larger than that of RO algorithm because FaRRA algorithm is capable of supporting
larger MCS level increase compared to RO algorithm. In summary, FaRRA algorithm
is as robust as RO algorithm, and, at the same time, it quickly adjusts MCS level, thus
enabling more efficient use of radio resources.
2.6.4 Comparison of FaRRA Algorithm and Legacy Scheme
In this subsection, we compare FaRRA algorithm with the legacy scheme using a fixed
MCS level. In the legacy scheme, D2D Tx transmits data using a fixed MCS level, e.g.,
MCS 6, 12, 18, or 24 during PSSCH. In case of the legacy scheme, 4 ms and 76 ms are
for PSCCH and PSSCH, respectively. On the other hand, in FaRRA algorithm, D2D
Tx adapts MCS level every period, and transmits data for 72 ms since the proposed
feedback channel is added, i.e., the reduced 4 ms is for the proposed feedback channel.
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Fig. 2.9 shows the goodput obtained by averaging the results from 100 simulation
runs. We observe that FaRRA algorithm outperforms the legacy schemes while the
legacy scheme with high MCS level tends to achieve higher average goodput. We
also observe the 5th percentile goodput, representing the average of the bottom 5% of
all goodput performances. We observe that the 5th percentile goodput of the legacy
scheme with MCS 24 is almost zero. This demonstrates the limitation of the legacy
scheme, which uses a fixed MCS level irrespective of the channel variation.
The reason why fixed MCS 24 achieves such a bad 5th percentile goodput becomes
clearer by evaluating the TBLER performance. Fig. 2.10 shows the result of TBLER
for both FaRRA and the legacy schemes. We first observe that the TBLER of fixed
MCS 24 is over 0.25, thus resulting in almost zero 5th percentile goodput. For fixed
MCSs 6 and 12, although they have good TBLER performance, the 5th percentile
and the average goodput performances are low due to small transport block sizes.
Therefore, it is difficult to use radio resources efficiently in those cases. On the other
hand, FaRRA algorithm works properly by keeping the TBLER under the threshold,
which is set to 0.1. That is, our simulation results demonstrate that FaRRA algorithm
uses radio resources efficiently while keeping TBLER under the threshold.
2.6.5 Performance of Feedback-Aided Retransmission Scheme
We compare performance of feedback-aided retransmission with that of legacy scheme.
In this legacy scheme, D2D Tx transmits the same packets four times due to blind
retransmission and the D2D Tx has 38 transmission opportunities, i.e., 10 original
packets are transmitted. On the other hand, in feedback-aided retransmission, D2D Tx
has 36 transmission opportunities due to feedback transmission and the transmission
composes of retransmitted packets, original packets, and encoded packets.
We first evaluate goodput performance of feedback-aided retransmission. As shown
Fig. 2.11 Feedback-aided retransmission achieves slightly higher average goodput than
that of the legacy scheme. We also observe the 20th percentile goodput, representing
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Figure 2.11: Goodput performance of feedback-aided retransmission.
the average of the bottom 20% of all goodput performances. In case of the 20th per-
centile goodput, feedback-aided retransmission achieves 29% goodput performance
gain. Through simulations, we confirm that the blind retransmission works quite ro-
bustly, but, among users with low 20% performance, the case that D2D Rxs do not
receive packets occurs frequently. This case is relieved by feedback-aided retransmis-
sion and the performance gain is obtained.
We also evaluate empirical CDF of file downloading time. The file downloading
time is the number of periods used to download the file, completely. We assume that
D2D Tx shares about 5 minutes of TED lecture video file4 with group members via
D2D communication during 500 periods. As shown Fig. 2.12, in case of blind re-
transmission, there are more D2D Rxs that have not completed file download within a
given time, i.e., 500 periods. We also observe the 20th percentile performances, repre-
senting CDF of the bottom 20% of all file downloading time performances. Through
the 20th percentile performances, Feedback aided retransmission achieves higher av-
erage file downloading time performance than that of legacy scheme. In case of the
4The title of the TED lecture is ”Don’t like clickbait? Don’t click” and the video file size is 31MB.
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The 20th percentile of blind
Figure 2.12: Empirical CDF of file downloading time.
20th percentile performances, the average file downloading times of feedback-aided
retransmission and legacy scheme are 383.8 periods and 481.4 periods, i.e., for D2D
Rxs in the 20th percentile, the file downloading time can be reduced by about 100
periods with the feedback-aided retransmission.
2.7 Summary
We proposed a feedback mechanism for LTE-based D2D communication. The pro-
posed feedback mechanism efficiently uses radio resources by allowing multiple D2D
Rxs to use one RB at the same time without requiring extra signaling for feedback
scheduling. On top of the proposed feedback mechanism, we propose FaRRA algo-
rithm, a rate adaptation algorithm considering the impact of in-band emission. We also
propose feedback-aided retransmission method on the proposed feedback mechanism.
Through simulations, we evaluate the impacts of near-far problem to the proposed
feedback channel and demonstrate that the near-far problem is greatly mitigated by
applying OLPC. We find that FaRRA algorithm is robust to in-band emission and uses
radio resources more efficiently than the legacy schemes while keeping TBLER under
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the threshold. We also observe that feedback-aided retransmission improves goodput




CoCo: Context aware congestion control scheme for C-
V2X communications
3.1 Introduction
According to World Health Organization (WHO), nearly 1.35 million people die in
road crashes each year [51]. Autonomous driving technology is one of the candidate
solutions to alleviate this problem. Currently, most autonomous driving technologies
depend on sensors installed in a vehicle such as Light Detection And Ranging (Li-
DAR), radar, and cameras. The performances of the sensors are good but significantly
affected by environments, e.g., illumination intensity, weather changes, and Non Line
of Sight (NLOS) conditions. Therefore, current autonomous driving technology re-
quires constant assistance from the driver.
In recent years, along with the development of communication technologies such
as the emergence of 5G and vehicular communications, higher levels of autonomous
driving have attracted much attention. Vehicular communications operate indepen-
dently of the weather, providing better robustness under NLOS conditions compared
to sensor-based communications. Vehicular communications can compensate for the
limitations of current autonomous driving, leading to realization of higher levels of
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Table 3.1: Safety messages in ETSI standard.
Safety messages CAM DENM
Traffic type Periodic Event-driven
Objective Recognize surrounding vehicles Notify detected events
Information Vehicle status, e.g., location, speed, etc. Event status, e.g., event identity, location, detected time, etc.
Relay No relay One-hop relay
autonomous driving.
Among vehicular communications, Cellular-based Vehicle-to-Vehicle communi-
cation (C-V2V) has recently received much attention. C-V2V first appeared in 3GPP
Release 14 [52], and it is mostly based on LTE Device-to-Device communication.
Therefore, it enables direct communications between User Equipments (UEs) without
going through the base station. In autonomous driving, a goal of C-V2V is to recognize
surrounding road environments that sensors cannot recognize [53].
To achieve this goal, ETSI defines safety-related messages: Cooperative Awareness
Message (CAM) and Decentralized Environmental Notification Message (DENM),
which are shown in Table 3.1. Each UE periodically generates and transmits a CAM
that contains its own status information such as location, speed, direction, etc. Upon
receiving CAMs, a UE can recognize and track other UEs that transmit their CAMs.
DENM traffic is caused by events. Therefore, a UE generates a DENM only when it
recognizes an event.
ETSI also defines relevance area, which refers to the local area that an event can
affect. Thus, DENM traffic allows one-hop relay to disseminate a DENM to UEs in
the relevance area. Although C-V2V can complement the limitations of the sensors via
the above two types of safety traffic, radio resource congestion problems can limit the
performance of C-V2V. There are several reasons why the congestion problem occurs
frequently.
Firstly, there is a scarcity of wireless bandwidth in C-V2V. Intelligent Transport
System (ITS) band, which is a 5.9 GHz band, is dedicated to vehicular communications
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and consists of seven 10 MHz channels. Most countries consider allocating two chan-
nels for C-V2V [54, 55]. Considering not only V2V but also Vehicle-to-Infrastructure
(V2I) and Vehicle-to-Pedestrian (V2P) operations over the two allocated channels, the
bandwidth is not enough.
Secondly, different from CAM traffic, which does not take into account relay op-
eration, DENM traffic allows one-hop relay [56, 57]. Therefore, when DENM traffic
is generated, the radio resource congestion problem can be more severe due to DENM
relaying at receivers. In addition, multiple source UEs can be generated for a single
event, i.e., it is possible that multiple source UEs generate redundant DENMs and
cause congestion problems.
DENM and CAM traffic have different purposes and generation rules of messages,
so applying the same solution to a different kind of these messages is not effective.
Hence, considering the characteristics of each safety message, we propose a context-
aware congestion control scheme, termed CoCo, that consists of two algorithms for
each safety message.
Since a CAM contains a UE’s status, the UE can decide whether to postpone or
give up its transmission considering its rate of the status change, e.g., the change of
its location. Thus, the first algorithm controls the transmission interval of CAM by
checking whether the current interval results in redundant CAMs, with respect to chan-
nel status and surrounding recognition. In case of DENM traffic, multiple source UEs
and relay UEs can occur for an single event. In other words, it is possible to exacer-
bate congestion problems by generating redundant DENMs. In the second algorithm,
UEs decide whether to transmit a DENM according to their location and direction of
movement.
The main contributions of this paper are as follows:
• Considering the characteristics of two safety messages, we propose a distributed
congestion control scheme, called CoCo, that consists of two algorithm for each
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Figure 3.1: RSS measurements.
traffic when congestion problems occur in C-V2X communications.
• The proposed scheme is a very feasible solution to mitigate congestion problems
because it does not require hardware modification or any signal exchange. More
importantly, it is standard compliant.
• We evaluate performance of the proposed scheme via simulation which reflects re-





3.2.2 Fluctuations of Channel Load Measurements
Performance of congestion control schemes in the related work mainly relies on chan-
nel load measurements. In a distributed system, each UE performs channel load mea-
surements by comparing the level of RSS with a pre-defined threshold. The channel
load measurements are helpful for inferring channel status. However, since the RSS
fluctuates quickly, it is difficult to always trust the measurement results. To observe
how severe the fluctuations are, we measure RSS samples using USRP-2943.
We use two USRP-2943 devices wired to host PC and set each device as transmitter
(TX) and receiver (RX), respectively. As shown in Fig. 3.1a, we fix the position of the
TX, and let the RX reciprocate twice for five seconds along the dotted line, keeping
the distance to the TX. The transmission power is−7.5 dBm and the carrier frequency
is 5.9 GHz, which is ITS band. The interval of RSS samples is 1 ms, which is equal to
LTE Transmission Time Interval (TTI).
As shown in Fig. 3.1b, the measurement results with mobility show a severe fluc-
tuation, which has 14 dB difference between 3000 and 3500 ms. In real driving sit-
uations, dynamic changes occur more frequently than in the above simple topology.
Therefore, the solutions based on only channel load measurements are not reliable.
In this paper, we propose a congestion control scheme that uses not only CBR mea-
surements, but also the information obtained from CAM reception to compensate for
fluctuations in CBR measurements.
3.2.3 The Current State of ITS Band Plan
In the early stage of ITS band plan, most countries considered that DSRC uses the
entire ITS band because there was no competing technology against DSRC. However,
with the advent of C-V2V, they have revised their ITS band plan. As shown in Fig. 3.2,
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Figure 3.2: ITS spectrum plan.
in the case of China and South Korea, there is a movement to use two channels in
the ITS band for C-V2V [54]. Europe maintains technology neutrality between DSRC
and C-V2V, and uses two channels in the ITS band for C-V2V trials [55]. Through
allocated channels, mobile network operators perform V2I, V2P, and V2V.
Since the US government has indefinitely postponed the policy of mandatory in-
stallation of DSRC on all newly produced vehicles, there is a possibility that C-V2V
uses the ITS band with DSRC in the US. Therefore, in most countries, two channels
in the ITS band will be allocated for C-V2V. Hence, the radio congestion problem can
frequently occur in C-V2V because the bandwidth for C-V2V is not sufficient.
Given the latest ITS band plans of each country, it may not be possible for one
kind of data traffic to use one channel exclusively, due to its insufficient bandwidth. In
this paper, we consider that CAM and DENM traffic share a channel.
3.2.4 Impact on PDR performance caused by DENM
As mentioned in Section ??, DENM traffic allows one-hop relay. Hence, the resource
congestion problem can be more severe due to DENM relaying. In order to investigate
the effect of DENM on Packet Delivery Ratio (PDR) performance, we conduct with
the number of UEs 250, 500, and 750 in Manhattan grid topology [58] 1 by changing
the number of events. Fig. 3.3 shows the simulation results. In the absence of an event,
the 750-UE case has the worst performance because the resource congestion level is
1The size of Manhattan grid is 1299m × 750m and 500-UE case is the case of sparse density in the
Manhattan grid according to [58]
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250 UEs & no event
250 UEs & 5 events
250 UEs & 10 events
Figure 3.3: Impacts on PDR performance caused by DENM.
the highest. However, in the case of 500-UE, even if the number of events is 5, we
confirm that the performance degradation occurs as much as the number of UE is 750.
Since DENM includes many use cases according to the related standard [57], e.g.,
road hazard warning, traffic signal detection, traffic jam detection, and precipitation,
UEs can generate many DENMs frequently on the road. Therefore, it should be taken
into account that DENM can exacerbate the resource congestion problem in V2X com-
munication.
3.2.5 Resource Allocation in C-V2V
According to the 3GPP standard [52], C-V2V has two resource allocation modes: cen-
tralized mode and distributed mode. Focusing on a distributed communication sce-
nario where vehicles communicate with each other directly, we explain the distributed
resource selection mode. First, each UE creates a candidate resource list from the re-
source pool based on the energy level sensing results measured in the past. Please note
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that a resource can contain a single message. Thus, the size of the resource in frequency
depends on the size of message, and the length of the resource is 1 ms because LTE
TTI is 1 ms. For list creation, the UE first excludes from consideration the resources
reserved upon CAM reception. Since a CAM contains reservation information of used
resources, the UE can learn the reserved resources. Then, the UE adds resources with
energy levels below a predefined energy level threshold till resources in the list reach
20% of the resource pool.
Until resources in the candidate resource list occupy 20% of the resource pool,
each UE repeats the above process decreasing the pre-defined threshold. The UE then
randomly choose a resource from the candidate resource list. In the case of safety-
related data traffic, the UE generates and transmits safety-related messages period-
ically. According to the standards [57], if a UE recognizes an event, it periodically
generates and transmits a DENM until the event terminates. Otherwise, the UE does
not generate a DENM.
Therefore, C-V2V supports Semi-Persistent Scheduling (SPS) that uses selected
resources for a certain period of time to enhance the efficiency of resource allocation. A
UE randomly selects a reservation count in the range [5, 15], which refers to the period
which unit is the number of transmissions and during which the UE uses the selected
resource. Thus, if the UE selects a reservation count, it uses the selected resource for
the reservation count and runs scheduling again when the reservation count reaches
zero.
3.2.6 Related work
There are several related studies. To the best of our knowledge, there are very few con-
gestion control schemes for C-V2V. However, there are related studies for Dedicated
Short Range Communication (DSRC) which is IEEE 802.11p based vehicular com-
munication. Therefore, we conducted more research on DSRC studies to learn trends
in congestion control schemes and to find appropriate comparison schemes.
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As far as we have surveyed, relevant studies mainly depend on channel load mea-
surements or Channel Busy Ratio (CBR) [10–20]. They adjust transmission parameters
such as transmission interval, transmission power, and data rate, based on channel load
measurements (or CBR). For example, if the channel load is greater than a pre-defined
threshold, the UE increases its transmission interval to reduce the channel load.
However, since channel load measurements fluctuate very much, channel load
measurement based solutions are not reliable. In vehicular communication environ-
ments, channel load fluctuations become greater with higher mobility. To show how
the channel measurement is affected by high mobility, we measure real Received Sig-
nal Strength (RSS) samples by comparing the cases with and without mobility. We
present the details about the result of the channel measurement in Section 3.2.1.
There are other studies [21–23], which use context information such as UE’s lo-
cation and speed. The study in [21] is application-limited, i.e., lane change. In this
study, when the UE attempts to change a lane, it reduces transmission power since it
should only communicate with the UEs closest to the UE behind. This study does not
apply to controlling the transmission parameters of CAM or DENM, which must be
shared with all neighboring UEs. The authors in [22,23] use context for mitigating the
congestion problem.
However, the study in [22] uses strict assumptions and does not comply with the
C-V2V standard. In [22], the authors assume that UEs learn the locations of all neigh-
bors as well as transmission probabilities of all potential interferers. A UE can learn
the location of a neighbor UE when receiving a CAM, but to know the location of
every neighbor, the UE must receive a CAM from each neighbor. This assumption is
infeasible. Currently, there is no protocol or procedures to learn transmission proba-
bilities of potential interferers in the standard. The limitations in [23] are the same as
those in [22].
We survey the related standard. 3GPP does not propose a specific congestion con-
trol mechanism but presents a methodology for congestion control [52]. 3GPP pro-
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vides two metrics for the congestion control: CBR and Channel occupancy Ratio (CR).
CBR refers to the ratio of the subchannels over which the measured Received Signal
Strength Indicator (RSSI) exceeds a pre-defined threshold during a measurement win-
dow to total subchannels. CR refers to the ratio of subchannels used for transmissions.
That is, it is an indication of channel utilization for a UE. The channel utilization refers
to the ratio of used resources to total resources during a measurement window.
According to the methodology presented by 3GPP, each UE has a mapping table
from CBR to CR. The procedures are as follows. The UE first measures CBR, and
maps the CBR to CR and then control transmission interval (or opportunity) based on
the CR. The ETSI standard specifies that the CAM transmission interval should be
between 100 to 1000 ms. The Modulation and Coding Scheme (MCS) with QPSK and
code rate 1/2 is a viable choice for achieving good performance in vehicular communi-
cations [59]. Considering this MCS, the number of subchannels in one subframe, i.e.,
1 ms, is three.
Thus, Converting the transmission interval to the channel utilization, the channel
utilization of CAM ranges from 0.0003 to 0.003. However, CR values specified in the
standard [60] range from 0.002 to 0.03. Therefore, it is difficult to apply this method
immediately to solving the congestion problem because the CR range does not match
the channel utilization range of CAM traffic.
To sum up, the related standards are still lacking consideration of the congestion
control mechanism, and the related studies with the context information are less prac-
tical due to the strict assumptions and the lack of careful consideration of the related
standards. Channel load measurement based solutions may not be effective in mo-
bile environments, but they are feasible in the related standards. Since we propose a
feasible solution that complies with the relevant standards, we choose a comparison
scheme, taking into account the feasibility for fair evaluation.
The comparison scheme is LIMERIC [20]. LIMERIC is one of the most popu-
lar congestion control schemes. Until recently, papers that evaluate performances of
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LIMERIC have been published [12, 13]. LIMERIC adapts the transmission rate that
is defined as the ratio between resources used for transmission to total resources ac-
cording to CBR measurements. LIMERIC adjusts the transmission rate Rk every θ as
follows.
Rk(t) = (1− α)×Rk(t− θ) + β × (CBRT − CBRk(t− θ)), (3.1)
where α is a forgetting factor, CBRk(t) is the channel load measurement of UE k at
time t, and CBRT is a predefined CBR threshold. The larger α, the less the previous
Rk is reflected when updating Rk, and β determines how much CBRk reflects the
transmission rate update.
We have also surveyed relaying schemes in vehicular communications. In a broad-
cast manner, when a UE transmit a message, all RXs can relay the received message.
Not only are there too many duplicate relay messages in this situation, there is a pos-
sibility that many relay messages will collide. Thus, there have been many efforts to
solve the relay problem. There are two representative methods to control the number
of relay UEs.
The first method is farthest-first relaying, which assigns a shorter waiting time to
a relay UE with a longer distance from the original TX [61–63]. In [63], the proposed
scheme exploits directional antennas for efficient relaying. We focus on the scenario
that UEs are equipped with an omni-directional antenna rather than a directional an-
tenna. Thus, we consider the farthest-first relaying method with omni-directional an-
tenna as a comparison scheme.
The second method is probabilistic-based relaying, which prevents the relay prob-
lem by relaying stochastically to control the number of relay UEs [64–67]. In [67], the
authors propose PVCast. PVCast scores packets based on spatial and temporal infor-
mation and then maps the score to the relay probability (0.3, 0.4, and 0.5). We also use
PVCast as a comparison scheme to compare with our proposed algorithm.
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3.3 Proposed context-aware congestion control
Considering the charactecristics of two safety messages, we propose a distributed
context-aware congestion control scheme, named CoCo, that consists of two algo-
rithms for each safety message, i.e., CoCo-CAM and CoCo-DENM. In this section,
we provide the detailed explanation of CoCo.
3.3.1 The design of CAM transmission interval control algorithm
In this subsection, we explain CoCo-CAM algorithm. The key to solving the radio
resource congestion problem caused by CAM traffic is whether UEs are enabled to
delay or abandon their transmissions to alleviate the congestion level. To this end, we
allow each UE to adjust the transmission interval of CAM generation, according to its
status change rate, i.e., the change of its location. We consider a distributed system.
Each UE generates a CAM periodically, enabled to exploit the information of CAMs
received from its neighbors. A CAM consists of status information of the TX such
as speed, location, etc. Thus, through CAM reception from neighboring UEs, a UE
compares its speed with the speed of each neighbor recognized, and learns how fast it
is relatively. Reflecting the current situation, each UE adjusts its transmission interval
of CAM.
Algorithm 3 shows the pseudo code of CoCo-CAM, which controls CAM trans-
mission interval. We assume that each UE learns system values such as a Channel Busy
Ratio (CBR) threshold (CBRT ), β, and a default channel utilization ratio (R
def
ch ) when
receiving service authorization from the mobile network operator. Each UE measures
its CBR (CBRk) at every period. CBRk is the measured ratio of RSS values greater
than the RSS threshold among all sub-channels during the measurement window. β is
a parameter that determines how much to reflect the measured CBRk when updating
the channel utilization ratio, Rkch. The channel utilization ratio, R
k
ch, is the ratio of re-
sources used for transmission to total resources in the resource pool. For example, in
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the case of 100 ms transmission interval, the channel utilization ratio is 1/300. 2 UEs
can recognize status information of neighboring UEs from CAM reception and peri-
odically measures CBR. First, UEs create a set of neighbors’ speed information, Vk.
All UEs use this set as core information to control the transmission interval of CAM
in CoCo-CAM because the UEs compare their speed with the speed of neighbors to
determine the transmission interval of CAM. Before the UE k starts resource selection,
it updates Vk from CAM reception (lines 1–3).
The UE k considers its speed first when making the decision on the transmission
interval. If the UE k’s speed is zero, it postpones resource scheduling by 100 ms (lines
4–6). 3 Since the UE k’s status remains the same, the UE k postpones its resource
scheduling rather than transmitting a redundant CAM. For non zero speed, the UE k
updates Rkch according to CBRk (line 8). Since the measured CBRk can vary greatly,
we use the minimum function to reflect the current measurement conservatively.
If |Vk| is greater than one, the UE k uses the median of Vk. This is because if
the UE k uses the mean of Vk, too large (or too small) an element value in Vk may
result in a biased average. Using the median of Vk results in the unbiased transmission
interval of CAM. The UE k finally updates Rkch by multiplying previous R
k
ch by the
weighting factor vkvmedian (line 9–11). Then we convert R
k
ch to Ik, taking into account
that Ik is 100 ms when Rkch is 1/300 (line 13).
The UE k checks whether the obtained final Ik is within the range of CAM gen-
eration interval, i.e., 100 ms ≤ Ik ≤ 1000 ms. If Ik is outside the range, Ik is set to
the maximum or minimum value (lines 14–17). Lastly, the UE k initializes Vk to ∅ for
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Figure 3.5: Coverage probability when relaying in each group.
3.3.2 The design of DENM transmission control algorithm
In this subsection, we explain CoCo-DENM. The related standard [57] allows DENM
to one-hop relay. A single DENM can generate multiple relay UEs. In addition, multi-
ple source UEs can occur with respect to a single event. Therefore, it is important not
only to reduce the number of relay UEs, but also to effectively reduce the number of
source UEs.
Algorithm 4 shows the pseudo code of CoCo-DENM, which enables UEs to decide
2Three subchannels are available for CAM transmission, so there are 300 resources (each with 1 ms
transmission time) in total for 100 ms.
3According to the standards [56], 100 ms is the minimum value of the CAM generation interval.
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whether to schedule and transmit a DENM according to their location and direction of
movement. We assume that each UE learns system values such as a resource pool for
UEs approaching an event, rin, and a resource pool for UEs moving away from the
event, rout, when receiving service authorization from the mobile network operator.
CoCo-DENM consists of two parts according to the UE’s state, e.g.,source UE or
relay UE. The source UE refers to the UE witnessing the event and the relay UE refers
to the UE that cannot witness the event, but receives DENM of the event. Please note
that UEs cannot be of both types at the same time.
In case of the source UE part (lines 1–18), source UEs themselves judge whether
they are moving away from or getting closer to the event i. Dki refers to the direction
of UE k for event i, i.e., if UE k is getting closer to event i, UE k setsDki to one. In the
opposite case, UE k sets Dki to zero. We give scheduling priority to UEs getting closer
to the event. Since the UEs have a longer lifetime as sources than the UEs moving
away from the event and the UEs are directly related to the event, it is reasonable to
give the UEs scheduling priority.
IfDki is one, UE k selects a resource among r
in
i . UE k does not immediately selects
a resource through SPS, but first allocates a resource through single TX scheduling
(line 3). If UE k immediately selects a resource via SPS and a resource collision occurs,
the resource collision can cause severe damage, e.g., failure of message reception, until
one resource reservation is terminated. Therefore, in order to reduce the damage, we
design to do SPS after single TX scheduling. If UE k receives the same DENM before
its TX, UE k cancels its scheduling (lines 5–8).
If UE k does not receive the same DENM after single TX scheduling, UE k se-
lects a resource through SPS (line 10). UE k cancels its scheduling as well, if the UE
k receives the same DENM after SPS (lines 12–14). In the case of the UE moving
away from the event, the process is the same as above except that the resource pool is
changed rini to r
out
i .
Purpose of the relay is to allow UEs in the relevance area that have not received
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a DENM to receive the DENM. Like source case, the UEs are more likely to fail
to receive the DENM due to resource collisions when all relay UEs relay the same
DENM. Therefore, it is important to effectively reduce the number of UEs relaying the
same DENM. We design to control the number of relay UEs by grouping them based
on the radius of the relevance area as shown in Fig. 3.4. Then, we assign scheduling
priorities by different waiting times for each group. The waiting time is set to a multiple
of one-fourth of the remaining life time of DENM. To assing the scheduling priority,
we analyze coverage probability, Pcover,based on stochastic geometry [68–70]. The
coverage probability means the probability that SINR is higher than the threshold.
Pcover = P[SINR > SINRThreshold], (3.2)
First, we uses a rectangle Boolean scheme in [69] to model a blockage effect. The
scheme follows that PLOS = exp(−kR), where k is an average size of blockages and
R is a distance between TX and RX. Given the distance R, we compute its path loss
gain L(R) as
L(R) = I(PLOS)R−pL + (1− I(PLOS))R−pN , (3.3)
where I(·) is a Bernoulli variable and pL and pN are the LOS and NLOS path loss
exponents. We also use Nakagami fading in order to model small-scale fading, hl.
Let N be the thermal noise and Pt is the transmission power. Based on the above









L(Rk) refers to a path loss gain of interference link distance, Rk. IR is the cumulative
interference from all UEs that select the same resource. Under the assumptions, we
distribute UEs according to 2-D Poission point process and observe Pcover by chang-
ing the density of UEs, lambda. In case of lambda = 0.0005, on average, 500 UEs
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are distributed to the area. We use the blockage model and channel model in [69].
We observe the coverage probability when relaying in each group. As shown in the
Fig. 3.5, when relaying in group 3, the coverage probability is highest in all environ-
ments. Thus, we decide the scheduling priority order in the order of group 3, group 4,
group 2, and group 1 based on the coverage probability results.
The UE k identifies the group it belongs to according to its location (line 19). The
UE k waits for T li according to the group to which it belongs. Then, the UE k selects a
resource for relay. If the UE k hears the same relay DENM before its relay via UE n,
the UE k checks the road segment ID of UE n. So, if the road segment ID is the same
as that of the UE k, the UE k cancels its relay scheduling. In the opposite case, in order
to improve performance in NLOS situations, even if the UE k receives the same relay,
the UE k does not cancel its relay.
3.3.3 Properties of CoCo
In a distributed communication system, since each UE has limited information, it of-
ten needs more information to make better decisions. However, in case of congestion
problems, additional signaling can make the congestion problems worse. In addition,
the related standards may need to be modified to transmit the additional signals.
CoCo does not incur additional signaling. Under CoCo-CAM, UEs adjusts the
transmission interval of CAM using only the information through CAM reception
and CBR measurement results. In like manner, in case of CoCo-DENM, UEs decide
whether to schedule and transmit a DENM using only the information through DENM
reception (or detection of an event). That is, CoCo does not require any standard or
hardware modifications. Thus, CoCo is very effective and practical solution to miti-
gate congestion problems in a distributed manner.
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Table 3.2: Simulation environments.
Carrier frequency 5.9 GHz
System bandwidth 10 MHz (50 RBs)
Topology Manhattan grid [71]
Number of total UEs 500
Number of events 15
Vehicle mobility model SUMO [31]
Link performance model LTE error model [72]H
Channel model Fast fading + shadowing + pathloss + in-band emission [71]
Modulation QPSK
Code rate 0.529
TX power 23 dBml
Noise figure 9 dB
CAM size 300 bytes
DENM size 800 bytes
Radius of relevance area 200, 300, and 400 m
Simulation time 100,000 subframes (100 s)
3.4 Performance evaluation
In this section, we evaluate the performance of CoCo (CoCo-CAM and CoCo-DENM)
by comparing with the comparison schemes through simulation, which reflects real-
istic vehicle mobility and road environments in an urban scenario. We assume that
CAMs and DENMs are transmitted on the same channel due to insufficient bandwidth.
Each UE transmits a CAM according to its CAM transmission interval and transmits a
DENM when it recognize an event. DENM relay is attempted if RX is in the relevance
area. When evaluating the performance of CoCo-CAM, we conduct performance eval-
uations without applying DENM algorithm to better understand the effects of CAM
algorithms on performance.
In order to fairly evaluate CoCo-CAM, we use two comparison schemes: the legacy
scheme and LIMERIC mentioned in Section 3.2.6. LIMERIC adopts CAM transmis-
sion interval based on the channel busy ratio measurements. The legacy scheme rep-





Figure 3.6: Manhattan grid.
1st TX 2nd TX 3rd TX 4th TX 5th TX 6th TX 7th TX 8th TX
Time
Figure 3.7: Example of reception result for periodic transmission.
CoCo uses the β parameter that helps to determine how much to reflect measured CBR
results. The goal of using β in CoCo is the same as that in LIMERIC. Thus, following
LIMERIC, we set β as 1/150.
When evaluating CoCo-DENM, we fix the algorithm, which has the best perfor-
mance among the CAM algorithms beforehand, and then evaluate the performance
of CoCo-DENM by comparing with comparison schemes. We use three comparison
schemes to fairly evaluate CoCo-DENM. The first one is the legacy scheme that rep-
resents the current 3GPP standard. In the legacy scheme, when a UE recognizes or
receives a DENM, the UE always transmits the DENM. The second one is farthest-
first method mentioned in Section 3.2.6 and the last one is PVCast, which is likewise
mentioned in Section 3.2.6.
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3.4.1 Simulation Environments
Table 3.2 shows the parameters for simulation environments.
Topology and mobility model: We consider an urban scenario. The 3GPP recom-
mends using the Manhattan grid topology when evaluating the performance of C-V2V
in urban scenarios [71]. Thus, we use the Manhattan grid as the evaluation topology.
As shown in Fig. 3.6, the topology includes a total of nine 433 m × 250 m-sized
grids and traffic lights that are installed at each intersection. In the Manhattan grid
scenario, the number of UEs that generate medium traffic in [71] is 500. Events are
generated according to a uniform distribution, and we conduct performance evaluation
with 10 seeds.
Channel model: 3GPP also recommends the channel model for evaluating the perfor-
mance of C-V2V in urban scenarios [58]. According to the recommendation, we use
the WINNER+ B1 model as the pathloss model [50] and the shadowing model which
follows log-normal distribution with 3 dB and 4 dB standard deviations for LOS and
NLOS conditions, respectively. We also consider fast fading generated by ITU-R IMT
UMi model in [49]. Since we use only one channel, there is no Out of Band (OOB)
emission, but in-band emission, which is undesired emission to subchannels under
the same time resource, exists. Thus, we adopt the model in [48] to generate in-band
emission.
Link performance model: We use an established LTE link performance model [72]
implemented in ns-3 [73], which is one of the well-known simulators in the field of net-
work and communications. Thus, our simulator uses this model to determine whether
message reception is successful or not by mapping SINR to Transport BLock Error
Rate (TBLER).
Resource pool: We consider one channel in ITS band, and the bandwidth of the chan-
nel is 10 MHz, 50 Resource Blocks (RBs). We also consider using QPSK & code
rate of 0.529, which is known to provide good performances in vehicular communi-
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200 m 300 m 400 m
CoCo 197 ms 212 ms 211 ms
LIMERIC 181 ms 232 ms 246 ms
cations [59]. According to the MCS level, 15 RBs forms one subchannel considering
CAM size 300 B. Therefore, in the case of CAM, there are 3 (= b50/15c) subchan-
nels. In the case of DENM, there is 1 (= b50/40c) subchannel considering DENM
size 800 B.
3.4.2 Performance Metrics
Packet delivery ratio: Packet Delivery Ratio (PDR) is a metric that indicates CAM
(or DENM) reception ratio of UEs within the range of TX UE. We observe PDR per-
formance by varying the range at 20 m intervals following the methodology of the
3GPP standard [58], i.e., we observe PDR performances at 20 m intervals from 0 m to
160 m.
Shaded distance: The shaded distance is the average distance traveled by TX UE
while RX UE is not receiving CAM consecutively. From RX UE’s point of view, the
goal of CAM is to recognize surrounding UEs. Therefore, it is meaningful to observe
the shaded distance metric by observing how CAM reception failure affects the recog-
nition of surrounding UEs.
For example, we assume a simple scenario that there is one pair (TX UE-RX UE),
and the TX UE transmits CAM eight times. If RX UE does not hear the second to
fourth transmitted CAMs and the seventh and eighth transmitted CAMs as shown
Fig. 3.7, the shaded distance is the average distance between the distance traveled by
TX UE during three consecutive failures and the distance traveled by TX UE during
two consecutive failures.
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Distance difference: Shaded distance is a measure of the impact of CAM reception
failure on other UEs recognition. The distance difference is a measure of the impact of
CAM reception success on other UEs recognition. Thus, the distance difference is the
average distance between the distances traveled by TX UE between successfully re-
ceived CAMs. For example, as shown in Fig. 3.7, the distance difference is the average
distance between the distance traveled by TX UE from the first TX to the fifth TX and
the distance traveled by TX UE from the fifth transmission to the sixth transmission.
Number of TX UEs: We propose a DENM algorithm that can effectively reduce the
number of source and relay UEs. Thus, we also observe average number of TX UEs.
Observing with PDR performance, we can see how efficiently each scheme adjusts the
number of TX UEs.
3.4.3 Simulation Results
First, we observe the effect of CoCo-CAM on the performances. Fig. 3.8 shows av-
erage CAM PDR performances with varying the radius of relevance area. As shown
in Fig. 3.8, the first overall trend is that both LIMERIC and CoCo-CAM show bet-
ter CAM PDR performance than that of the legacy scheme. Besides, we observe that
CoCo-CAM gains about 11% performance gain compared to LIMERIC. The main
reason for the performance improvements is due to the difference in behavior that
LIMERIC schedules and transmits CAM regardless of the state of UE, while CoCo-
CAM delays CAM scheduling time when a UE is stationary.
The second overall trend is that the larger the radius of relevance area, the lower
the performance of the three schemes. This is because as the radius of relevance area
increases, the number of UEs to relay received DENMs increases. The results also
show that the larger the radius of relevance area, the smaller the performance differ-
ence between CoCo-CAM and LIMERIC. LIMERIC utilizes only CBR measurements
while CoCo-CAM utilizes not only CBR measurements but also the information from
CAM reception.
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Therefore, as shown in Table 3.3, LIMERIC increases the transmission interval
more sensitively in case of more significant congestion level. However, CoCo-CAM
does not set a long transmission interval like LIMERIC because it selects the trans-
mission interval by using the context information as well. Thus, in terms of the av-
erage PDR performance, the larger radius, the smaller the performance gap between
CoCo-CAM and LIMERIC. In other words, Since CoCo-CAM’s dependence on CBR,
like LIMERIC, increases due to reduced CAM reception, CoCo-CAM behaves almost
like LIMERIC and opportunistically leverages the information from CAM reception.
Therefore, even with very high levels of congestion in radio resources, there is no
performance reversal between CoCo-CAM and LIMERIC.
Since the three schemes transmit at different transmission intervals during the sim-
ulation, the number of CAM transmitted depends on each scheme. Therefore, a high
CAM PDR result does not guarantee that UEs track other UEs well. Thus, we look at
the additional metric to see how well the UEs track other UEs through CAM reception.
Fig. 3.9 shows a distance difference performance as the radius of relevance area
changes. As shown in Fig. 3.9, we observe that the legacy scheme performs slightly
better than the other two schemes. These two schemes can set the transmission inter-
val to a value greater than 100 ms based on CBR and the context information, while
the legacy scheme always sets the transmission interval to 100 ms. Thus, the legacy
scheme can get slightly better performance when UEs receive CAM well. Also, CoCo-
CAM only schedules when there is motion in a UE, but the other two schemes schedule
and transmit even when there is no motion. Hence, considering the performance of rec-
ognizing UEs with mobility, CoCo-CAM achieves better performances than LIMERIC
and the legacy scheme.
As shown in Fig. 3.10, the legacy scheme shows the worst shaded distance perfor-
mance. It means that poor CAM reception can drastically reduce the tracking accuracy
of other UEs. On the other hand, CoCo-CAM shows the best performance compared
to the legacy scheme and reduces the average shaded distance by up to 26% compared
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to that of LIMERIC. This is because CoCo-CAM weights the context information,
vk
vmedian
, to update CAM transmission interval and sets a more meaningful transmis-
sion interval.
In order to evaluate the performance of CoCo-DENM, we fix the CAM transmis-
sion interval algorithm with CoCo-CAM and evaluate CoCo-DENM by comparing
with the comparison schemes.
First, we observe average DENM PDR performances as shown in Fig. 3.11a. When
the radius of the relevance area is small, the difference in the performance between
algorithms is not great. However, as the radius increases, the difference in performance
increases, and performance gains of up to 18% are observed. There are two reasons
why CoCo-DENM achieves performance gain.
The first reason is that there are few resource collisions between source UEs com-
pared to other algorithms. In the proposed algorithm, even if a resource collision oc-
curs, the resource collision is resolved in most cases because UEs do SPS after single
TX scheduling. However, in the case of other algorithms, UEs do SPS without single
TX scheduling. Therefore, Resource collisions continue to cause severe damages until
either resource reservation is over.
The second reason is that the proposed algorithm reduces the number of relay UEs
more effectively. As shown in Fig. 3.12, in the case of CoCo-DENM, it has a bit more
relay UEs that that of farthest algorithm because the proposed algorithm check the
road segment ID of the UE that transmit the relay and then cancels its own relay only
if the road section is the same in order to enhance the performance of NLOS situations.
However, in other comparison schemes, there is no design for NLOS situations.
As shown in Fig. 3.11c, in the legacy scheme, we confirm that the CAM PDR is
the lowest becuase all UEs that received DENM transmit the same DENM. However,
the proposed algorithm has little effect on CAM PDR performance. Thus, in summary,




In this paper, as far as we survey, we first present why the congestion problems can fre-
quently occur in V2V communications. Then, we propose a context-aware congestion
control scheme, CoCo, which aims to mitigate the congestion problems and consists of
two algorithms (CoCo-CAM and CoCo-DENM) to cope with the congestion problems
caused by each message. CoCo also complies with the related standard. Thus, CoCo
does not cause additional signals as well as hardware modifications. Through simu-
lations, we show that CoCo-CAM achieves superior CAM PDR performances com-
pared to other comparison schemes and that CoCo-CAM reduces the average shaded
distance by up to 26% compared to LIMERIC. We also observe that CoCo-DENM
achieves the performance gain up to 20% in terms of DENM PDR performances. In
summary, CoCo is very effective and practical solution to mitigate congestion prob-
lems in a distributed manner.
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Algorithm 3 Transmission interval control in CoCo
Input:
CBRT {Pre-defined CBR threshold}
CBRk {CBR measured by UE k}
β {Measurement reflecting parameter}
vk {Speed of UE k}
Vk {Set of speeds for neighboring UEs recognized by UE k}
T ksch {Scheduling time of UE k}
Rkch {Channel utilization ratio of UE k}
Rdefch {Default channel utilization ratio}
Output:
Ik {CAM transmission interval of UE k}
When UE k receives CAM transmitted by UE n: vn > 0
1: Vk ← Vk ∪ vn
When UE k starts resource selection: vk = 0
2: T ksch ← the current time + 100
3: Rkch ← R
def
ch +min{β(CBRT − CBRk), 0} |Vk| > 1
4: vmedian ← median(Vk)
5: Rkch ← Rkch ×
vk
vmedian
6: Ik ← 13Rkch Ik < 100ms
7: Ik ← 100ms Ik > 1000ms
8: Ik ← 1000ms
9: Vk ← ∅
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Algorithm 4 DENM transmission control in CoCo
Input:
rini {Resource set for UEs entering the event i}
routi {Resource set for UEs away from the event i}
rli {Resource set for the group l of the event i}
Dki {Moving direction of UE k for the event i}
Iki {Indication of the first attempt of UE k in resource scheduling}
Gki {Group index of UE k for the event i}
T li {Waiting time of group l of the event i}
T ki {Reception time of UE k of the event i}
Roadk {Road segment ID where UE k is located}
When UE k is a source UE for the event i: Dki = 1 Iki = 1
1: Resource selection among rini via single TX scheduling
2: Iki = 0 Hear the same DENM before its TX
3: Cancellation of its DENM scheduling
4: Iki = 1
5: Resource selection among rini via SPS
6: Iki = 1 Hear the same DENM before its TX
7: Cancellation of its DENM scheduling
8: The same process as lines 1 to 15 with routi
When UE k is a relay UE for the event i:
9: Check the group to which UE k belongs Current time = T ki + T
l
i
10: Resource selection among rli via single TX scheduling Hear the same relay DENM before
its relay via UE n Roadk = Roadn
11: Cancellation of its DENM scheduling
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(a) Radius of the relevance area = 200 m
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(b) Radius of the relevance area = 300 m
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(c) Radius of the relevance area = 400 m
Figure 3.8: CAM PDR performance as the radius of the relevance area changes: (a)
200 m, (b) 300 m, and (c) 400 m.
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(a) Radius of the relevance area = 200 m
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(b) Radius of the relevance area = 300 m
1 2 3 4 5 6 7 8



















(c) Radius of the relevance area = 400 m
Figure 3.9: Distance difference performance as the radius of the relevance area
changes: (a) 200 m, (b) 300 m, and (c) 400 m.
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(a) Radius of relevance area = 200 m
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(b) Radius of relevance area = 300 m
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(c) Radius of relevance area = 400 m
Figure 3.10: Shaded distance performance as the radius of relevance area changes: (a)
200 m, (b) 300 m, and (c) 400 m.
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(a) Average DENM PDR
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(b) Worst DENM PDR
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(c) Average CAM PDR
Figure 3.11: PDR performances: (a) average DENM PDR, (b) worst DENM PDR, and
(c) average CAM PDR.
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Figure 3.12: Number of TX UEs according to schemes.
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Chapter 4
IDC-aware resource allocation based on multi-agents
reinforcement learning
4.1 Introduction
Nowadays most smartphones are equipped with several Radio Frequency (RF) mod-
ules that these smartphones are able to connect concurrently to multiple heterogeneous
networks. These RF modules are located in very close proximity within a single de-
vice. Therefore, when these RF modules operate simultaneously at adjacent channels,
these RF modules strongly interfere with each other via Out-of-Band (OOB) emis-
sion. The damages caused by this interference are called In-Device Coexistence (IDC)
problem.
So far, IDC problems have been mainly caused by RF modules between LTE and
WLAN, RF modules between LTE and Bluetooth, and LTE and GNSS. However, with
the recent development of communication technology, 5G communication has also
received a lot of attention between LTE and New Radio (NR) RF modules. The Third
Generation Partnership Project (3GPP) is currently in the process of specifying a new
fifth generation (5G) communications referred to as New Radio NR. NR has several
key features: (i) higher frequency operation and spectrum flexibility, (ii) ultra-lean
design, and (iii) forward compatibility.
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Since NR was designed with future performance enhancements and application
diversification in mind, it is a significant difference from the design of existing LTE
systems, e.g., most reference signals used in LTE are not used in NR. As a result, NR
does not support backward compatibility with LTE. Thus, 3GPP will standardize the
installation of both LTE and NR on a single device to address this backward compati-
bility issue. As a result, IDC problem can occur in a UE, which is equipped with LTE
and NR RF modules.
In the standard [58], NR sidelink also can operate at Intelligent Transport System
(ITS) band, i.e., 5.9 GHz band. That is, NR and LTE sidelinks can operate simultane-
ously on adjacent channels. Hence, currently, 3GPP recognizes the IDC issues in NR
UE and propose solutions, i.e., FDM-based solution and TDM-based solution. First,
TDM-based solution is free from the IDC problems. However, in the case of sidelink,
TDM-based solution is not suitable because main traffic sensitive to delay is consid-
ered in a sidelink environments. Second, the FDM solution attempts to alleviate the
IDC problem by inserting a guard band between each channel. Since bandwidths for
V2X communication are not enough, it is also not appropriate to use guardbands to
alleviate the IDC problem.
Our goal is to select clean resources while minimizing the IDC problem when NR
UEs select their own resources. RL has received a lot of attentions to address decision
making under uncertainty. Through this work, we propose IDC-aware resource allo-
cation based on multi-agents Reinforcement Learning (RL). We claim the following
major contributions:
• We model a realistic IDC interference between LTE and NR at ITS band.
• We formulate a IDC-aware resource allocation as a multi-agent reinforcement learn-
ing that each UE collects local observations and selects an action and then achieves
a reward.
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Figure 4.1: IDC issues.
higher Packet Delivery Ratio (PDR) performances compared to the legacy scheme.
4.2 Background
4.2.1 In-Device Coexistence issues
As shown in Fig. 4.1a, lower portion of ISM band is close to LTE TDD band 40. In
case of coexistence between LTE and BT, LTE transmitter causes interference to BT
receiver and BT transmitter causes interference to LTE receiver. Similar interference
also exists for coexistence case between LTE and Wifi. Figure 4.1a also shows there
is 20 MHz seperation between BT and LTE FDD band 7 uplink. Here LTE transmitter
causes interference to BT receiver. There is no impact on LTE receiver from BT trans-
mitter because corresponding LTE FDD band 7 downlink is far away from ISM band.
Uplink of LTE band 13 (777–787 MHz) and band 14 (788–798 MHz) can disrupt the
working of GNSS receiver using L1 frequency (1572.42 MHz). This is the second
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harmonic of band 13 and second harmonic of band 14 are close to L1 frequency. As
shown in Fig. 4.1b, channels for C-V2X are adjacent. Thus, when NR and LTE oper-
ate in the ITS band, there is a high probability of using adjacent channels. In that case,
LTE (or NR) transmitter causes interference to NR (or LTE) receiver.
4.2.2 In-Device Coexistence scenarios
It is the most popular use case where voice data from LTE is relayed to a BT headset.
The voice traffic has to be synchronized on the respective radio interfaces to meet the
Quality of Service (QoS) requirement. LTE operation in band 7 and band 40 will cause
interruption in service. While downloading High Definition (HD) video on LTE air in-
terface, audio is relayed to BT headset. LTE operationin band 7 and band 40 will cause
interruption in service. Lastly, when WiFi coverage is available to a multi radio device,
which is enable to use LTE and WiFi, it accesses data on WiFi interface. However, high
priority traffic such as an incoming voice call is carried over LTE air interface. Here
the WiFi radio operates as a terminal in infrastructure mode. LTE operation in band 7
and band 40 will cause interruption in service.
4.2.3 Related work
Since NR standalone V2V has not been completed, there are no studies dealing with
IDC problem between NR and LTE sidelinks. However, there are some studies con-
sidering IDC problem between LTE and WLAN [24–26]. There is also a study consid-
ering IDC problem between LTE and GNSS [27]. However, All of the above authors
consider the resource allocation method of the base station.
We also surveyed multi-agent reinforcement learning-based resource allocation for
V2V communication. There are several studies [28–30]. In [28, 29], the authors con-
sider that UEs select resources via multi-agent reinforcement learning. However, they
do not consider IDC problem, i.e, they only take into account the interference gener-






















Figure 4.2: IDC interference modeling.
4.3 IDC interference modeling
In order to reflect realistic IDC problems, it is very important to realistically model
IDC interference. As far as we surveyed, there is one reference to model IDC interfer-
ence [26]. The authors [26] model IDC interference that an overlap factor (X) can be
used to measure the ratio of the leaked WLAN (or LTE) power at the LTE (or WLAN)
receiver to the total WLAN (or LTE) power. Let S(f − fn) represent the LTE receiver
filter transfer function operating at channel n with frequency fn. Also, let S′(f − f ′)
denote the WLAN power spectral density centered at f ′, which is approximated by its
transmit spectrum mask. Then, the overlap factor of the WLAN and LTE filters of UE
k given that the LTE radio is assigned to channel n is expressed as
Xn,k =
∫
Sk(f − fn)S′k(f − f ′)df∫
S′k(f − f ′)df
, (4.1)
Then, the IDC interference that affects LTE channel n when it is allocated to UE
k is expressed as In,k = P ×Xn,k.
However, the IDC interference modeling has some limitations. First, this method
provides only fixed IDC interference over an adjacent channel regardless of the lo-
cations of selected resources and the amount of the selected resources. As shown in
Fig. 4.2, the attenuation of transmission power depends on the locations of selected
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Table 4.1: 3GPP spectrum emission mask for ITS band.
foob (MHz) 10 MHz Measurement bandwidth
± 0-0.5 −13− 12|fOOB |/MHz 100 kHz
± 0.5-5 −19− 16
9
(|fOOB |/MHz − 0.5) 100 kHz
± 5-10 −27− 2(|fOOB |/MHz − 5.0) 100 kHz

















LTE spectrum emission mask
NR spectrum emission mask
Figure 4.3: Spectrum emission masks for LTE and NR.
resources and the amount of the selected resources.
We model IDC interference based on Table. 4.1. The table 4.1 indicates the amount
of the spectrum emission limit according to the location of frequency resources spec-
ified at the related standard [74]. Therefore, out method to model IDC interference
determines the amount of IDC interference according to the locations of selected re-
sources and the amount of the selected resources. According to the standard [74], spec-
trum emission mask for NR is the same as the that of LTE as shown in the Fig. 4.3.
Thus, the magnitude of IDC interference that each RF module exerts on each other is
symmetric.
Figure 4.4 shows the amount of IDC interence varying with the location of selected
resources and the amount of the selected resources. We confirm that the amount of
IDC interference by our modeling depends on the location of the selected resources
72




























From 10 MHz to 20 MHz
From 20 MHz to 10 MHz
The related work
Figure 4.4: IDC interference modeling.
and the amount of the selected resources. As a result, we provide more realistic IDC
interference.
4.4 System model
We consider C-V2X communication network in a distributed manner, i.e., UEs com-
municate directly with each other via sidelink. There are k UEs, which are equipped
with NR and LTE RF modules. Through NR and LTE RF modules, each UE transmits
periodically packets. Channels for NR and LTE are separate. Thus, UEs can suffer
from IDC problems.
Since we focus on a distributed communication scenario, UEs follow mode 4 oper-
ation defined in the standard [58]. In mode 4, there is a resource pool of radio resources
that all UEs can autonomously select for V2V communication. In our work, each UE
selects resources for LTE-V2V communication through mode 4. In case of NR-V2V
communication, each UE selects resources for NR-V2V communication via multi-
agent reinforcement learning. We assume that NR has the same numerology as LTE,
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i.e., the subcarrier spacing of NR is 15 kHz.
Orthogonal Frequency Division Multiplexing (OFDM) is exploited to convert the
frequency selective wireless channels into multiple parallel flat channels over differ-
ent subcarriers. Several subcarriers are grouped to form a spectrum subchannel. Since
we consider a packet size as 300 bytes and consider QPSK and 1/2 code rate, one
subchannel consists of 180 subcarriers (15 RBs). We consider channel fading is the
same within one subchannel. Our channel model also assumes that small-scale fad-
ing assumed to be exponentially distributed with unit mean and includes path-loss and
log-normal shadowing.
4.5 IDC-aware resource allocation based on multi-agent re-
inforcement learning
Multiple UEs attempt to use radio resources for LTE and NR V2V communications.
When each UE selects resources for LTE-V2V communication, the UE selects re-
sources via mode 4. In case of NR-V2V communication, each UE acts as an agent and
interacts with the unknown communication environment to achieve experiences that
are used to update its own policy. Thus, when each UE selects resources for NR V2V
communication, the UE explore the environments and make a decision for resource
selection based on its own observations of the environment.
Multi-agent reinforcement learning consists of two phases, i.e., learning phase and
test phase. In the learning phase, each UE adjusts its action to maximize its own reward
through updating its Deep Q-Network (DQN). In the test phase, each UE observes a























Figure 4.5: Multi-agent reinforcement learning for V2X communications.
4.5.1 Multi-agent reinforcement learning issues
If all agents observe the global environment, then we can model a cooperative multi-
agent system as a single meta-agent. However, the size of this meta-agents’action space
grows exponentially in the number of agents. Furthermore, it is not applicable when
each agent achieves different observations that may not disambiguate the environment,
in which case decentralized policies must be learned.
A popular alternative is independent Q-learning (IQL), in which each agent inde-
pendently learns its own policy. However, IQL introduces a limitation. The weakness
of IQL is that, by treating other agents as part of the environment, it ignores the fact
that such agents’ policies are changing over time, rendering its own Q-function non-
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stationary. To resolve this problem, agents have to in principle learn a mapping from
the weight of other agents’network. Clearly, if the other agents are using deep models,
then the other agents’ network is far too large to include as input to the Q-function.
In [75], the authors solve the above problem. A key observation is that each agent
does not need to be able to condition on any possible other agents’ network, but only
those values of the other agents’ network that actually occur in its experience re-
play. Thus, they propose a low-dimensional fingerprint that contains this information.
Clearly, such a fingerprint must be correlated with the true value of state-action pairs
given the other agents’ policies. An obvious factor is the learning iteration number, e.
Another key factor is the rate of exploration, ε. Therefore, we assume that each agent
share its own parameters (e and ε) with other agents when they receive messages from
other agents.
4.5.2 Observation space and action space
Each agent observes a part of the global state every time step t. St is the global state at
time step t. The local observation consists of two parts. The first part can be obtained
by an agent itself. Therefore, the first part includes Received Signal Strength Indicator
(RSSI) map of the resource pool measured by itself and its own selected LTE resource
information. The second part can be obtained from neighbor. Thus, the second part
includes fingerprint information, e and ε, and the NR reception indicator of packet
transmitted by agent k, RNRk . Each agent selects an action among action space. The
action of an agent is the resource selection for NR. Thus, the action space contains
indexes of NR resources.
4.5.3 Reward design
What makes RL appealing for solving problems with hard-to-opimize objectives is the
flexibility in its reward design. The system performance can be improved when the
designed reward policy at each step correlates with the desired objective.
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Our objectives are twofold: maximizing the average PDR of NR and minimizing
the damages caused by IDC problem. In order to solve the first objective, we simply





To address the second objective, we set the penalty reward,Rpenalty, which reflects
the damages caused by IDC problem. There are three cases of IDC problem between
NR and LTE, i.e., TX-TX, TX-RX, and RX-TX. TX-RX (or RX-TX) scenario cause
the worst damage to receiving RF module. In case of TX-TX scenario, the damage
depends on the occurrence of resource collision and can be minor when there is no
resource collision. Thus, considering the degree of damage, Rpenalty is determined as,
Rpenalty =
 −1 if TX-RX or RX-TX;− 1neighbor if TX-TX. (4.3)
To combine RNR and Rpenalty, we set the total reward at each time step t as,
Rt = RNR +Rpenalty. (4.4)
4.5.4 Learning algorithm
We focus on an episodic setting with each episode spanning a period, 100 ms. Each
episode starts with random environment state, and lasts until the end of the period.
We apply multi-agent reinforcement learning with DQN and add fingerprint method
to stabilize experience replay. Each agent has a dedicated DQN that takes as input the
local observation at time step t and outputs actions, which is a resource index among
the action space.
Algorithm 5 shows the learning procedure. Each agent learns its own DQN through
multiple episodes and during learning phase, each agent explores the state-action space
with ε-algorithm that selects an action via its own policy with probability 1 − ε and
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Algorithm 5 Learning algorithm of multi-agent reinforcement learning
1: Initialize Q-network for all agents
2: for each episode do
3: for each step t do
4: for each agent k do
5: Update locations and channel components
6: Observe Okt (St)
7: Choose action Akt from O
k
t (St)
8: Receive reward Rkt
9: for each agent k do
10: Observe Okt (St+1)






t ) in the experience replay
12: if Q-network update episode then
13: for each agent k do
14: Sample mini-batches from the experience replay
15: Optimize sum-squared error between its own Q-network and target networks
a random action with probability with ε. Following the environment transition be-
cause of actions taken all agents, each agent collects and stores the transition tuple,
(Ot, Ot+1, At, Rt), in a experience replay. A mini-batch of experience is uniformly





t (St+1, a, θ
−))−Q(Okt (St, At, θ)]2, (4.5)
where θ− is the parameter set of a target Q-network, which are duplicated from the
training Q-network.
4.5.5 Comparison with rule-based solution
Through this subsection, we investigate the need for RL by comparing with rule-based
solution. RL generally requires high computation performance. If it works well with
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A B CLTE resource




: Occupied resource : Empty resource : Candidate NR resource
#1 #2 #3 #4 #5 #6
Figure 4.6: Example of rule-based solution.
general rule-based techniques, it is effective in terms of computing performance not to
use RL. Therefore, it is important to verify that this problem requires RL.
We assume a ideal rule-based solution that all UEs can learn neighbors’ LTE re-
source selection. Hence, the UEs in the rule-based solution avoid NR resource selec-
tion, which cause IDC problem. For example, as shown in Fig. 4.6, there are three
UEs, A, B, and C. When UE A selects its NR resource, UE A avoid resources of UEs
B and C. Hence, UE A selects its NR resource among resource 1, 2, 3, and 6.
As shown in Fig. 4.7, we confirm that MARL is very close to the ideal result.
We also observe that MARL is closer to the ideal performance than the ideal rule-
based solution. Thus, we conclude that RL has an excellent effect on solving the IDC
problem.
4.6 Performance evaluation
As shown in Fig. 4.8, the larger the guardband size, the better the PDR performance.
In case of IDC-free performance, its performance shows an ideal case, which does not
have IDC interference. We observe that Multi-Agent Reinforcement Learning (MARL)
achieves almost the same NR PDR performance as the IDC-free case. Also, we con-
firm that MARL achieves almost the same LTE sidelink performance as the guardband
at 10 MHz despite simply selecting NR resources.
Among IDC damages, TX-RX cases generally cause the greatest damage. There-
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Ideal result
Figure 4.7: Comparison result with rule-based solution.
fore, we design our reward policy to select NR resources by avoiding to cause TX-RX
case. As shown in Fig. 4.9, MARL reduces the number of TX-RX occurrences by
15 %. In case of MARL, the number of times that TX-RX occurrences does not occur
is twice that of the baseline. That is, our reward policy is designed to avoid the TX-RX
occurrences well.
We also observe the PDR performances varying R, the ratio of the number of
UEs to the total number of time resources. Fig. 4.10 shows the PDR performance.
When R is small, performance improvements cannot be observed because there is little
room for resource selection. However, it can be seen that as R gradually increases, the
performance gain increases.
4.7 Summary
Through this work, we propose a NR sidelink resource allocation scheme based on
multi-agent reinforcement learning, which awares a IDC problem between LTE and
NR in Intelligent Transport System (ITS) band. First, we model a realistic IDC inter-
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Figure 4.8: PDR performances varying guard band size.
ference based on spectrum emission mask specified at the standard. Then, we formu-
late the resource allocation as a multi-agent reinforcement learning with fingerprint
method. Each UE achieves its local observation and rewards, and learns its policy to
increase its rewards through updating Q-network. Through simulation results, we ob-
serve that the proposed resource allocation scheme further improves Packet Delivery
Ratio (PDR) performances compared to the legacy scheme.
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Figure 4.9: Histogram of TX-RX occurrences.
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In this dissertation, we have proposed three MAC layer strategies for cellular sidelink
performance enhancements.
In Chapter 2, we have presented a feedback mechanism for D2D communication
that enable UEs to transmit feedback without the help of BS and the proposed feed-
back mechanism allows UEs to multiplex on the same RB by using the cyclic shift of
Zadoff-Chu sequence. We also propose a groupcast rate adaptation algorithm, FaRRA,
that quickly controls MCS level while mitigating in-band emission problem. Through
simulation results, we validate that FaRRA outperforms the legacy scheme in terms of
goodput.
In Chapter 3, through LTE-V2V communication, UEs transmit Cooperative Aware-
ness Message (CAM), which is a periodic message, and Decentralized Environmental
Notification Message (DENM), which is a event-driven message and allows one-hop
relay. Thus, we have proposed CoCo, which is a context-aware congestion control
scheme. CoCo consists of two algorithms for each safety messages, i.e., CAM and
DENM. Through the proposed congestion control schemes, UEs decide whether to
transmit according to their situation. Through simulation results, we show that our
proposed schemes outperform comparison schemes as well as the legacy scheme.
In Chapter 4, we propose a NR sidelink resource allocation scheme based on multi-
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agent reinforcement learning, which awares a IDC problem between LTE and NR in
Intelligent Transport System (ITS) band. First, we model a realistic IDC interference
based on spectrum emission mask specified at the standard. Then, we formulate the
resource allocation as a multi-agent reinforcement learning with fingerprint method.
Each UE achieves its local observation and rewards, and learns its policy to increase its
rewards through updating Q-network. Through simulation results, we observe that the
proposed resource allocation scheme further improves Packet Delivery Ratio (PDR)
performances compared to the legacy scheme.
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를 야기할 수 있다. 따라서 3GPP release12에서 이러한 문제점들을 극복하기 위해
sidelink가 제안되었다. 덕분에 단말들은 sidelink를 통해서 서로 직접 통신을 할 수
있게되었다.
Sidelink를 사용하는 두 가지 대표적인 통신은 D2D(Device-to-Device) 통신과
V2V(Vehicle-to-Vehicle)통신이다.본논문에서는 D2D와 V2V통신성능을향상시
키기 위한 세가지 전략을 고려한다. (i) D2D 통신을 위한 효율적인 피드백 메커니




D2D 통신을 위한 피드백 메커니즘을 제안한다. 제안된 메커니즘을 통해, 단말은
기지국의 도움없이 피드백 메커니즘을 사용할 수 있으며 피드백 자원을 할당하기
위한추가신호를필요로하지않는다.우리는또한제안된피드백메커니즘위에서




둘째, LTE-V2V 통신을 위한 상황 인지 기반 혼잡 제어 기법을 제안한다. LTE-
V2V통신에서단말들은주기적인메시지인 CAM(Cooperative Awareness Message)
및비주기적메시지이며 one-hop릴레이를허용하는 DENM(Decentralized Environ-
mental Notification Message)를전송한다.위의두메시지는특성과생성규칙이다
르기때문에동일한혼잡제어기법을적용하는것은비효율적이다.따라서우리는
각 메시지에 적용할 수 있는 혼잡 제어 기법들을 제안한다. 제안된 기법들을 통해
서단말들은그들의상황에따라서전송여부를결정하게된다.시뮬레이션결과를
통해 제안된 기법이 기존 표준 방식 뿐만 아니라 최신의 비교 기법들보다 우수한
성능을얻는것을확인하였다.
마지막으로 ITS(Intelligent Transport System)대역에서 LTE와 NR사이의 IDC문
제를 고려하는 NR sidelink 자원할당 기법을 제안한다. 먼저, 표준에 지정된 스펙
트럼 방출 마스크를 기반으로 현실적인 IDC 간섭을 모델링한다. 그런 다음 다중
에이전트 강화학습으로 자원할당 기법을 제안한다. 각 단말들은 자신들의 주변 환
경을관측하고관측된환경을기반으로행동하여보상을얻고 Q-network을자신의
보상을증가시키도록정책을업데이트및학습한다.우리는시뮬레이션결과를통하









는 여러가지 감정들이 교차합니다. 한마디로 표현하자면 흔하디 흔한 표현이지만
시원하면서 섭섭합니다. 학위과정 동안 고민했던 연구들을 마무리 지었다는 홀가
분함과동시에다른방식으로했다면더나은결과물을낼수있지않았을까등여러
가지 사안에 대해 양가적 감정이 드는 것 같습니다. 그래서 제가 느끼는 여러 감정
들을전부서술하게된다면결국에는아무결론없는글이될것이기에제가느끼는
감정 중 양가적이지 않은 감정에 대하여 서술하고자 그 부분을 고민해보았습니다.







삼성리서치에서 근무하시는 최성현 전 교수님에게도 열정적인 연구지도에 대하여
감사드립니다.교수님과의수많은연구미팅을통하여연구를어떻게접근해야하는
지 그리고 어떻게 연구를 해야 하는지에 대하여 정말 많은 가르침을 받았습니다.
또한 교수님의 어떠한 상황에서도 늘 발전하고자 하는 자세는 저에게 많은 귀감이
되었습니다.








수 있었던것은 제게 정말 큰 행운이었습니다. 앞으로 살아가며 제가 은사님들에게
받은가르침들을배풀며살아가도록하겠습니다.감사합니다.
다음으로는 제 선후배님들과 동기들에게 감사함을 표하고자 합니다. 선후배님
들과동기들은 6년반이라는시간동안연구뿐만아니라심적으로도직접적으로큰
의지가 되었던 분들이라고 생각합니다. 선후배님들과 동기들의 도움이 없었다면
저는 지금 이 시기에 졸업을 하지 못했을 것이라고 생각합니다. 제가 처음 연구실
생활을 시작하였을 때 연구실 생활에 적응하고 재미를 느끼고 해준 연구실 방장




이루고 졸업하길 바랍니다. 마찬가지로 지환이와 선욱이에게도 감사함을 표 하고
원하는 바를 다 이루길 바랍니다. 일일이 수많은 선후배님들을 거론하며 제 감사





제 동기 준석이형, 지훈이, 재홍이 그리고 졸업한 순원이에게도 정말로 고맙고
감사하다고전하고싶습니다.힘들때나즐거울때나동기들과함께할수있어서정
말행운이었습니다.앞으로도제동기들원하는바다이루고지금과같이서로힘이
될 수 있으면 좋겠습니다. 그리고 한 학기씩 차이 나지만 동기처럼 지낸 영욱이와
준영이에게도 감사의 인사를 전하고 싶습니다. 여러분과 함께 지내온 연구실 생활
들은늘가슴한편에좋은추억으로남아있을것같습니다.
그리고 함께 연구실 생활을 하지는 않았지만 대학친구 중 같은 길을 걸어가고
있는 기영이와 현재에게도 진심의 감사를 표하고 싶습니다. 뛰어난 능력으로 마지






같았습니다. 무뚝뚝한 자식이라 표현하지 못하였지만 두 분 존경하고 사랑합니다.
마지막으로 여자친구 예승이에게 감사의 마음을 표현하고 싶습니다. 8년 넘게 제
옆에서힘들때나슬플때나함께해주었음에감사함과존경을표현하고싶습니다.
한결같이내옆에있어줘서정말고맙고사랑합니다.
이 외에도 저는 많은 분들의 도움을 받았습니다. 그분들을 일일이 찾아뵙고 감
사함을표하는것은현실적으로어려울것이라는생각이듭니다.대신저는그분들
에게 받은 도움을 기억하며 저 또한 다른 사람들에게 배풀며 살아가면서 감사함을
보답하겠습니다.
감사합니다.
2020년 8월
윤호영올림

